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1.  Introduction 
In recent years, more and more new functional materials have been used in daily life, 
such as in the fields of electronics, optics, medicine, and energy.[1–4] The successful 
application of these new materials with novel properties frequently depends on their 
effective integration into frameworks at the micrometer or even at the nanometer 
scale.[5,6] For instance, patterning graphene into desirable structures with micro- or 
nanoscale dimensions is important for tuning the transport properties of the graphene 
devices.[7] Colloidal quantum dots are usually utilized for the fabrication of electrical and 
optical devices. Consequently, micro- and nanopatterning processes are required to form 
necessary structures.[8] For conventional patterning approaches, i.e., optical and electron 
beam lithography, there are major disadvantages for the processing steps, including high 
costs, the utilization of multiple manufacturing steps and the requirement of harsh 
environmental conditions like vacuum, strong acid or base solutions and high 
temperatures. Thus, developing new patterning approaches with high accuracy, low cost, 
and mild fabrication conditions is desired to foster further progress of material science, in 
particular in the field of nanotechnology. Among many other techniques, scanning probe 
lithography (SPL) represents a promising method which offers precise control with high 
lateral resolution (below 10 nm),[9,10] and the potential for low cost fabrication processes 
that can be performed under ambient conditions. In addition, the utilization of scanning 
probe microscopy (SPM) enables a direct investigation of the created structures by SPM 
imaging. For typical SPL processes, a tip is utilized for tailoring surface properties based 
on electrical, mechanical, and thermal interactions. Among these SPL approaches, 
electrically induced local electrochemical lithography is regarded as an attractive tool 
because the electric field applied between the tip and the substrates can induce different 
electrochemical reactions (Figure 1.1). Compared with the classical semiconductor 
structuring approaches, not only surface patterns with a high resolution can be obtained 
utilizing this method, but also many functional groups or even new materials can be 
created, which largely expand the number of potential applications. 
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Figure 1.1 Schematic illustration of local electrochemical lithography based on a 
conductive tip. 
 
The research field of electrically induced structuring of surfaces was introduced in 1990, 
when Dagata et al. first reported a local oxidative lithographic approach performed on a 
hydrogen-passivated silicon substrate by a scanning tunneling microscope (STM) tip. 
The obtained resolution of the written features reached 100 nm. Further measurements 
showed that oxygen was incorporated into the silicon surface during the lithographic 
process.[11] In 1993, Day and co-workers demonstrated the selective oxidation of silicon 
with a conductive atomic force microscopy (AFM) tip. Compared with STM lithography, 
a distinctive advantage of utilizing AFM is that the voltage applied between the tip and 
the substrate can be chosen independently of the feedback circuit, which enables to 
obtain an optimized voltage and a higher resolution lithography.[12] This improvement 
laid the foundation for the further development of local electrochemical lithography. To 
extend this technique from nanometer to micrometer or even millimeter dimensions, 
some parallel lithographic methods have been developed. For instance, Nishimura et al. 
prepared a AFM tip with a large contact area of 2.5 × 1.9 μm2 and the resulting 
throughput is 10,000 times faster than that of conventional local electrochemical 
lithography based on a normal AFM tip.[13] Garcia and co-workers reported a simple way 
to upscale the local electrochemical lithography with an Au coated digital video disk 
(DVD) polymeric stamp. A nanostructured pattern with a millimeter scale was easily 
fabricated on silicon surfaces.[14] In the meanwhile, Sagiv and co-workers first 
demonstrated that a highly ordered 18-nonadecenyltrichlorosilane (NTS) monolayer can 
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be electrochemical oxidized by a conductive AFM tip. A line with functional carboxyl 
groups can be written on the NTS film.[15] The introduction of functional groups largely 
promoted the development of local electrochemical lithography, which provides more 
possibilities for the subsequent self-assembly processes or even chemical reactions.  
 
The aim of this thesis is the preparation of functional micro- and nanopatterns by local 
electrochemical lithography. Different molecules and nanoparticles are self-assembled on 
the lithographic patterns to form functional systems and devices. In general, 
self-assembled monolayers (SAMs) are one of the most frequently used films for local 
electrochemical lithography. Chapter 2 provides a detailed insight into the lithography 
performed on different SAMs, in particular, on OTS monolayers. The formed –COOH 
groups can be utilized as chemically active templates for the fabrication of various micro- 
and nanostructures after the lithographic process. Chapter 3.1 demonstrates that 
[Fe-Fe]-hydrogenase active site model complexes ([Fe(CO)3]2[(μ-SCH2)2C(CH2OH)2]) 
can be immobilized on micropatterned trichloro(octadecyl)silane (OTS) monolayers to 
form a microscale catalytic system. The complex molecules were selectively anchored in 
the patterned areas with good coverage. Moreover, the biomimetic metal centers of the 
hydrogenase model complex molecules still maintained their catalytic activity after the 
immobilization process, which was proven by cyclic voltammetry (CV) measurements. In 
Chapter 3.2, a highly efficient surface-enhanced Raman spectroscopy (SERS) substrate 
facilitating enhancement factors as high as ~5×106 was fabricated by self-assembling Au 
nanoparticles onto dot pattern arrays of OTS monolayers. The electromagnetic field 
enhancement was obtained by both interparticle and intercluster plasmon coupling of the 
Au nanoparticles, which resulted in strong SERS signals. This effect was found to be 
strongly dependent on the intercluster spacing and a systematic study was conducted to 
elucidate this parameter. Silicon is the most common substrate for the local 
electrochemical lithography performed on OTS monolayers. Chapter 4 is devoted to 
extending this lithographic process to other films. Chapter 4.1 reports the 
functionalization of two technologically important substrates with OTS monolayers, i.e., 
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titanium dioxide (TiO2) and aluminum oxide (AlOx). Despite of the differences regarding 
the surface properties of these two substrates, good quality OTS monolayers were 
generated on both substrates by a careful adaptation of the deposition parameters. 
Afterwards, these OTS monolayer modified substrates could be further structured to 
create chemically active surface patterns. In Chapter 4.2, OTS monolayers were 
self-assembled on graphene layers. The mechanism of oxidation during the lithographic 
process was investigated. Not only the OTS was oxidized, but also the oxidation of 
graphene occurred, followed by the conversion of silicon to silicon oxide. As a 
consequence a system could be introduced that permits the chemical patterning as well as 
the possibility to locally modify the electronic properties of the underlying substrate. 
Additionally, a glucose sensor with a low detection limit was fabricated. Chapter 4.3 
describes the local electrochemical lithography performed on polypyrrole films doped 
with sodium dodecylbenzenesulfonate (PPy(DBS)) to obtain a memory nanodevice. 
Nanopatterns were formed by applying a bias voltage between a conductive AFM tip and 
the substrate. Afterwards, the generated nanopatterns could be erased completely, 
followed by rewriting at the same location of the polymer film. As such this thesis aims at 
the advancement of local electrochemical lithography with respect to the range of 
patternable substrates and targets the fabrication of functional devices, which are focused 
in the fields of energy, information storage, and sensors.
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2.  Local electrochemical lithography of self-assembled monolayers 
Parts of this chapter have been published: P1) H. Liu, S. Hoeppener, U. S. Schubert, Adv. 
Eng. Mater. 2016, 18, 890−902. 
 
Self-assembled monolayers (SAMs) have attracted strong attention since experimentally 
discovered in 1980.[16] The SAMs can be utilized in many fields of research and 
technology, such as, for the control of wetting and adhesion, biological engineering, 
sensors and micro- and nanofabrication.[17–20] The first SAMs which were utilized for 
local electrochemical lithography are NTS monolayers. As shown in Figure 2.1, the vinyl 
groups of NTS were oxidized to carboxyl groups during the lithographic process and 
could be further functionalized by self-assembly of other monolayers.[15] Afterwards, this 
lithographic technique was extended to a robust and chemically inert SAMs, i.e., OTS 
monolayers. The conductive tip induced the electrochemical conversion of the surface 
terminal –CH3 groups of the OTS SAMs to –COOH groups.
[21] The width of the 
generated patterns depends critically on the dimensions of the tip and the patterning 
conditions, including the applied voltage, the pulse duration, and the relative humidity, 
which defines the size of the formed water meniscus. In subsequent work, further 
investigations on the oxidative behavior of OTS monolayers on Si substrates were 
conducted. There are two main processes occurring during the electrochemical patterning: 
Firstly, the conversion of methyl groups of OTS to carboxyl groups, and secondly, the 
oxidation of the silicon substrate itself. The formation of carboxyl groups leads to a 
significant change in friction force, while the growth of silicon oxide can generate a 
distinct increase in height. Therefore, the time scales of these two competing oxidation 
processes could be determined through fiction force and height changes for different 
periods of oxidation times.[22,23]  
In addition to NTS and OTS monolayers, other SAMs were utilized for a local 
electrochemical lithography as well. Yang and co-workers performed the local 
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electrochemical lithography on two different monolayers, i.e., a hexadecyl monolayer and 
an N-hydroxysuccinimide (NHS)-ester-functionalized undecyl (NHS-UA) monolayer. 
Compared with the oxidation conditions of OTS on silicon substrates, much milder 
conditions were required on both monolayers. Additionally, the generated carboxyl 
groups also provided the possibility for  further pattern functionalization.[24] In addition 
to the commonly used SAMs, some more complicated monolayers can be used for this 
lithographic technique as well. For example, a mixed monolayer was prepared which 
consisted of propyltrichlorosilane and triethoxysilane derivatives featuring a redox-active 
trimethylbenzoquinone moiety. As shown in Figure 2.2, oxidative and reductive patterns 
can be fabricated on the same surface when a positive or a negative bias voltage was 
applied. Afterwards, pentathiophene dimethylchlorosilane and C60 molecules were 
assembled on the oxidized and reduced patterned areas, respectively. That means that both 
p-type and n-type materials can be assembled at the same time, which may enable the 
fabrication of complementary heterogeneous nanostructures.[25] When performing the 
lithography on SAMs which already contain functional head groups, both intrinsic and 
newly formed groups can be obtained using this approach, which may generate different 
functions simultaneously on the same substrate. For instance, Qin et al. prepared 
oligo(ethylene glycol) (OEG)-terminated alkyl monolayers on silicon substrates. In this 
case the conversion of ethylene glycol groups to carboxylic and aldehyde groups were 
induced by AFM oxidation lithography without substantial degradation of the OEG layer 
or oxidation of the silicon substrate. Highly protein-resistant surfaces and chemically 
active patterns can be obtained in this manner on the same Si substrate. Afterwards, 
biotinylated molecules and nanoparticles can be immobilized on the patterned areas.[26]  
Local electrochemical lithography of self-assembled monolayers 
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Figure 2.1 Schematic illustration of a two-step local electrochemical lithography and 
“development” process: 1) Tip-induced electro-oxidation of NTS monolayers and 2) 
site-selective self-assembly of OTS monolayers on the carboxyl groups. Reproduced with 
permission.[15] Copyright 1999, Wiley. 
 
 
Figure 2.2 (a) Schematic view of local electrochemical lithography performed on a 
mixed monolayer with positive and negative bias voltage. (b) Route for synthesis of a 
mixed monolayer composed of benzoquinone and propyltrichlorosilane. Reproduced 
with permission.[25] Copyright 2010, American Chemical Society.  
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As mentioned above, after the lithographic process, the formed functional groups, i.e., 
–COOH groups or other hydrophilic groups on SAMs can be utilized as versatile 
chemically active patterns with micro- and nanometer dimentions. Many molecules, 
nanoparticles, and nano-objects can be self-assembled or even chemically grafted on the 
patterned areas. For instance, Chowdhury et al. demonstrated a new wetting driven 
self-assembly approach utilizing a patterned OTS monolayer as a template. First, some 
non-volatile low-melting organic materials were selectively immobilized onto the 
patterned areas due to the hydrophilic property of the carboxyl groups. Afterwards, silver 
or gold ions binding to these organic materials are able to form elemental metal 
nanoparticles in further chemical processing steps. This method can be extended to a 
variety of non-volatile materials with appropriate melting temperature and surface wetting 
characteristics to produce surface nanostructures.[27] Druzhinina and co-workers 
fabricated ring structures by local electrochemical lithography performed on OTS 
monolayers. Two different chemical pattern areas were obtained: The core area is 
composed by silicon oxide and a surrounding area forms an acid functionalized rim.[28] A 
bilayer structures can be obtained as well by assembly of a second OTS layer onto the 
–COOH groups. The tip induced lithography applied on the bilayer structure required 
significantly longer pulse durations to induce the formation of the desired –COOH groups. 
Applying this feature to the lithographic process, a gap with nanometer resolution was 
fabricated between the monolayer and the bilayer structures, where a nanoparticle was 
anchored by a self-assembled process. This combined approach may have broad 
applications for electrical sensors or single-electron transistors.[29] Functional molecules 
are also alternative choices for self-assembly processes on the patterned OTS films which 
may allow the utilization of a large variety of further chemical reactions. For example, 
bromo-undecyltrichlorosilane can be assembled to the carboxyl-terminated patterns, 
followed by the site-selective conversion into a generation of an azide terminated adlayer 
and subsequently performing the highly effective 1,3-dipolar cycloaddition reaction with 
acetylene functionalized molecules.[30] This bromine functionalized pattern can be used to 
prepare polymer brushes by atom transfer radical polymerization (ATRP) processes as 
Local electrochemical lithography of self-assembled monolayers 
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well.[31] As shown in Figure 2.3, it is worth pointing out that the approach to combine 
local electrochemical lithography and self-assembly of functional materials can be used in 
a wide range of fabrication processes to hierarchically prepare functional micro- and 
nano-devices. 
 
 
 
Figure 2.3 Overview of the possible functional materials which can be assembled on the 
patterned SAMs.
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3.  Self-assembly of functional materials on patterned OTS monolayers 
Parts of this chapter have been published: P2) H. Liu, R. Trautwein, B. Schro ̈ter, A. 
Ignaszak, W. Weigand, S. Hoeppener, U. S. Schubert, Langmuir 2015, 31, 11748−11753. 
P3) H. Liu, A. M. Schwenke, F. Kretschmer, S. Hoeppener, U. S. Schubert, 
ChemNanoMat. 2016, DOI: 10.1002/cnma.201600063. 
 
As already introduced in Chapter 2, the methyl groups (–CH3) of OTS monolayers can be 
oxidized to carboxyl groups (–COOH) by local electrochemical lithography, which 
enables further chemical modification steps. In this chapter, the self-assembly of 
functional molecules and nanoparticles on the patterned OTS films and potential 
applications of the formed structures will be summarized. 
 
3.1  Micropatterns of [Fe-Fe]-hydrogenase active-site model complexes 
Hydrogen is regarded as one of the best fuels for fuel cells.[32–34] In nature, hydrogen can 
be efficiently generated by hydrogenase enzymes, which catalyze the reversible redox 
reaction of dihydrogen (H2 ↔  2H+ + 2e
− ). The reversible catalytic reaction is 
accomplished by dithiolato-bridged [Fe-Fe]- or [Ni-Fe]-active sites of hydrogenase 
enzymes,[35] which also play a key role in the microbial energy metabolism.[36] In this 
chapter, [Fe-Fe]-hydrogenase active site model complexes 
([Fe(CO)3]2[(μ-SCH2)2C(CH2OH)2]) were grafted onto OTS micropatterns on a silicon 
substrate (OTS-Si). The two hydroxyl groups of the model complex are ideally suited to 
react with the carboxylic groups forming ester bonds, which enable a strong anchoring of 
the [Fe-Fe]-hydrogenase active-site model complexes ([Fe-Fe]) to the patterned areas. 
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Scheme 3.1.1 Schematic representation of local electrochemical lithography based on a 
TEM grid and self-assembly of [Fe-Fe]-hydrogenase active site model complexes 
([Fe-Fe]-Si). 
 
The outline of the preparation sequence is schematically illustrated in Scheme 3.1.1. First, 
the micropatterns were prepared utilizing local electrochemical lithography based on a 
linear stripe TEM copper grid with a circle diameter of 3.05 mm. After the lithographic 
process, an optical micrograph of a water condensation micropattern of the grid structure 
could be observed (Figure 3.1.1a), indicating the successful oxidation of the monolayer. 
The water vapor is expected to condense in this case preferentially in the hydrophilic 
surface areas, i.e., the oxidized areas (corresponding to the dark regions in Figure 3.1.1a). 
Additionally, the friction force in the hydrophilic patterned regions is much stronger than 
that in the unmodified, hydrophobic OTS monolayer areas. Therefore, the grid patterns 
can be also directly observed by contact mode AFM investigations. Figure 3.1.1b shows 
a friction force picture of a stripe of the TEM grid pattern where the scanning direction 
was set from left to right. If the AFM tip was scanned from the opposite direction, a 
picture with inverse contrast was obtained (Figure 3.1.1c). This reversible friction change 
is a strong evidence that only negligible topographic alterations occurred during the 
lithographic process but a strong change of the surface properties, that is, a switch 
between hydrophobic and hydrophilic surface, is induced. That may suggest that –COOH 
groups were generated during the lithographic process. Afterwards, the microstructured 
substrate was utilized to selectively assemble [Fe-Fe] complex molecules via ester 
formation after the activation of the patterned substrate with 
dicyclohexylcarbodiimide/4-dimethylaminopyridine (DCC/DMAP). As shown in Figure 
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3.1.2a, after incubation the [Fe-Fe] complex molecules were selectively bound to the 
lithographic stripe areas. However, despite of a careful rinsing of the substrates after the 
reaction, some aggregates were formed on the surface as well. Figure 3.1.2a shows a 
higher magnification image of the patterned area. A large number of small particles was 
observed on the pattern areas with a good coverage. 
 
 
Figure 3.1.1 (a) An optical micrograph of a water condensation TEM grid pattern on an 
OTS monolayer. (b, c) Friction force images of a stripe of the printed TEM grid pattern. 
The scanning directions are set from left to right (b) and from right to left (c). 
 
 
Figure 3.1.2 (a) Low and (b) high magnification tapping mode AFM images of [Fe-Fe] 
hydrogenase active site model complexes immobilized in-situ on the chemically active 
TEM grid pattern.  
 
An additional evidence for the selective binding of the [Fe-Fe] model complexes on the 
patterned areas was obtained by means of Auger electron spectroscopy (AES). The 
locations of the micropatterns on the substrate were identified with a microscope and it 
was possible to perform measurements in the patterned areas as well as in the space 
between two stripes on the TEM grid pattern. As shown in Figure 3.1.3a, the signal 
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intensities of Fe and S in the strip area are much higher than those in the space area, 
which is a clear evidence for the successful binding of [Fe-Fe] model complex molecules 
on the micropatterned areas. In addition, a line scan approach was applied across the scan 
range which covered both a stripe and a space area. As shown in Figure 3.1.3b, in the 
beginning of the measurement (0 to 40 μm), the electron beam spot was focused on the 
space area and only low signal intensities were obtained for both Fe and S. As the electron 
beam spot reached the stripe area gradually, the signal intensities increased rapidly until 
the scanning position reached 70 μm. After the electron beam spot moved about 90 μm, 
the signal intensities decreased again, corresponding to the move of the electron beam 
back to the non-patterned area. 
 
 
Figure 3.1.3 (a) AES spectra measured in a stripe area (black line) and the space between 
two stripes (red line) on a TEM grid micropattern. (b) Auger signal intensities of Fe and 
S at different locations of the micropattern obtained by a line scan approach. 
 
Further evidence of the binding of the [Fe-Fe]-hydrogenase active site model complexes 
to the micropatterns is provided by FT-IR analysis. Figure 3.1.4 shows the results 
obtained from investigations performed on the [Fe-Fe]-Si substrates and a control 
measurement performed on the pure powder of the complex. In both cases strong CO 
absorption peaks at 1050 to 1100 cm-1 are observed. The absorption at 1100 cm-1 in the 
spectrum of the patterned area is overlaid with the characteristic Si− O− C asymmetric 
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stretching vibration of the OTS molecules bound to the silicon wafer. The binding of the 
[Fe-Fe]-hydrogenase active site model molecules is furthermore confirmed by the 
appearance of a small absorption at 1760 cm-1, which can be assigned to the ester bond 
formed between the carboxylic groups of the lithographic areas and the hydroxyl groups 
of the complexes. Because of the small absorption intensities, it is difficult to perform 
further investigations on the binding configuration. Moreover, a sharp absorption 
originating from the -CH2 stretching vibrations was observed in the spectrum for the 
patterned substrate. These peaks belong to the well-packed functionalized OTS 
monolayer (and the monolayer on the backside of the silicon wafer), which indicate that 
the binding preparation process did not influence the quality of the monolayer. Moreover, 
an absorption belonging to the carboxylic acid is observed at 1790 cm-1. This suggests 
that the [Fe-Fe]-hydrogenase active-site complexes do not form a dense coverage on the 
patterned areas. This is because not all the carboxylic acid groups can be bound by the 
complex molecules due to steric hindrances. This supports the AFM measurements, which 
also showed a noncomplete, granular functionalization of the patterned areas with 
complex molecules. 
 
 
Figure 3.1.4 FT-IR spectra obtained from investigations on a micropatterned substrate 
(top) and on the powder of the complex (bottom). Spectra intensities are presented in 
arbitrary units and are not drawn to scale.  
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The catalytic activity of the [Fe-Fe] complex molecules on the micropatterns was further 
investigated by cyclic voltammetry (CV) measured in CH3CN. As shown in Figure 3.1.4a, 
there are no obvious redox peaks for the micropatterned OTS-Si before the binding of the 
[Fe-Fe] complex molecules. However, in the case of [Fe-Fe]-Si, the CV curve displays 
one oxidation and two reduction processes. The irreversible anodic wave appears at +0.41 
V measured against Fc/Fc+. This wave represents the oxidation of FeIFeI to FeIIFeII. The 
observed value is slightly smaller compared to the value of the free complex (+0.67 V).[37] 
This is reasonable because in the present study the complex molecules are immobilized 
on a surface. The quasi-reversible and irreversible reduction waves are found at -1.51 V 
and -2.45 V, respectively. Compared with the observed CV curve, the reduction of the 
[Fe-Fe]-hydrogenase active site model complex in the solution phase showed the ability 
to take up two electrons at the same potential of −1.53 V (scan rate = 0.2 V/s) due to the 
phenomenon of potential inversion of the two one-electron reduction steps.[37] In addition, 
the CV measurement of the complex hmolecules in the solution phase showed another 
small reduction wave at  −1.97 V (scan rate = 0.2 V/s), which was attributed to the 
reduction of products of follow-up reactions such as the loss of CO from the dianionic 
species of the complex.[37] In a similar process, for the [Fe-Fe] complex molecules which 
are bound on the OTS-Si, the first cathodic event observed at −1.51 V could arise from 
the two-electron reduction process, and the second reduction event (−2.45 V) occurs due 
to decomposition products. After adding acetic acid into the system, the current of the 
cathodic wave increases and the current intensity increases with increasing concentration 
of the acid (Figure 3.1.4b). These results are in agreement with the CV results obtained 
for the [Fe-Fe] complex molecules in solution, which indicates that an electrocatalytic 
proton reduction occurred during the measurement.[37,38] However, the current increase 
stopped after the acid concentration reached 0.6 mM, most probably because of a limited 
number of [Fe-Fe] complex molecules bound onto the micropatterns. According to the 
CV curve of [Fe-Fe]-Si, the coverage of immobilized [Fe-Fe] complex molecules can be 
estimated and the value is in the range of 0.002 mg cm-2. On the basis of the CV results, it 
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can be concluded that the Fe-S active sites of the [Fe-Fe] complex molecules maintained 
their catalytic abilities after anchoring to the OTS-Si substrate. 
 
 
Figure 3.1.4 (a) CV curves of a micropatterned OTS-Si without [Fe-Fe] complexes (solid 
line) and a [Fe-Fe]-Si (dashed line). (b) CV results of a [Fe-Fe]-Si measured at various 
concentrations of AcOH. 
 
In conclusion, a microscale catalytic system was fabricated by grafting the 
[Fe-Fe]-hydrogenase active site model complexes onto the OTS micropatterns. The CV 
results prove that the biomimetic Fe-S centers of [Fe-Fe] complex molecules still keep 
their catalytic activity and their redox behavior after the incubation processes. This 
post-attachment approach of micro-patterned Si substrates with [FeFe] complexes offers 
promising prospects for the preparation of micro H2 fuel cells and biohybrid surface 
functionalizations. 
 
3.2   Au nanoparticle cluster arrays 
Besides functional molecules, nanoparticles can be assembled on the lithographic patterns 
as well. In this chapter, Au nanoparticles were self-assembled on the patterned OTS 
monolayers to form cluster arrays. Strong and reproducible surface-enhanced Raman 
spectroscopy (SERS) signals were obtained by both, interparticle and intercluster plasmon 
coupling of Au nanoparticles.  
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To obtain a positively charged surface structure, the patterned substrate was first 
immersed into a (3-aminopropyl)-trimethoxysilane (APTMS) solution. An APTMS film 
was site-selectively self-assembled on the lithographic areas by the formation of hydrogen 
bonds between the acid groups and the silanol groups of the APTMS.[29,39] Afterwards, 
sodium citrate stabilized Au nanoparticles were bound onto the positively charged dot 
sites based on an electrostatically guided self-assembly process. SEM images (Figure 
3.2.1a-g) show the obtained Au nanoparticle cluster arrays with different gap distances. 
Two dimensional nanoparticle clusters which consist of many individual Au nanoparticles 
were spatially confined by the dot array templates. The gap distances between two 
neighboring clusters were changed from 30 to 400 nm by the lithographic process. It is 
difficult to decrease significantly the gap distance below 30 nm, because at very small 
distances the neighboring clusters tend to fuse and link together, which can be observed in 
Figure 3.2.1a (upper right corner). For each cluster, an aggregation of approximately 20 
to 30 Au nanoparticles was observed. As shown in the TEM image (Figure 3.2.1i), the 
diameter of the individual Au nanoparticles is in the range of 10 to 15 nm and the distance 
between individual Au nanoparticles within each cluster is less than 5 nm (Figure 3.2.1h). 
These small distances are required for utilizing the plasmon coupling, which is beneficial 
for the formation of high signal intensities in the SERS measurements.[40,41]  
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Figure 3.2.1 SEM images of Au nanoparticle cluster arrays with different gap distances: 
(a) 30 nm, (b) 50 nm, (c) 100 nm, (d) 150 nm, (e) 200 nm, (f) 300 nm, and (g) 400 nm. (h) 
A SEM picture of an individual cluster. (i) A HR-TEM image of Au nanoparticles. 
 
The performance of the fabricated structures for the SERS measurements was 
investigated by benzenethiol (BT) molecules because of their efficient binding onto the 
Au nanoparticle surface by the formation of Au-S bonds.[42,43] Figure 3.2.2a shows the 
obtained SERS spectra of BT molecules on the patterned substrates with different lateral 
distances of the nanoparticle clusters. The most intense peak at 1565 cm-1 was chosen for 
comparison and to calculate the SERS enhancement factors (EF) of different samples. 
The EF is calculated as the formula of )/()/(EF substratereferencereferencesubstrate NNII  , where 
Isubstrate and Ireference are the peak intensities at 1565 cm
-1 of the SERS substrate and the 
liquid neat benzenethiol (BT), respectively. Nreference and Nsubstrate are the numbers of BT 
molecules in the focal region of the laser illumination and on the SERS substrate within 
the laser spot, respectively. For the ease of calculation, we assume that the BT molecules 
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are uniformly adsorbed on the Au nanoparticle surface in a monolayer-like fashion.[44] As 
shown in the spectra, the SERS signals strongly increase with decreasing the gap distance 
between two neighboring clusters. Figure 3.2.2b shows that at a very small gap distance 
(30 nm), the enhancement factor reaches values as high as ~5×106. This values decrease 
quickly with the gap distance increasing and reach a constant level at a gap distance of 
~200 nm. The obtained high EF values are attributed to be superposition of two types of 
the plasmon coupling: Firstly, within each individual cluster, the distance between the Au 
nanoparticles is less than 5 nm, which will induce a strong enhancement of the incident 
electromagnetic field by interparticle plasmon coupling. This contribution is present in all 
samples and its value is reflected by the plateau of the EF value of large cluster 
separations. Secondly, the enhanced electromagnetic field can be further amplified by the 
coupling between the neighboring clusters, i.e., by intercluster plasmon coupling.[45,46] In 
the present study, the intercluster plasmon coupling becomes very weak when the distance 
is larger than 200 nm, which induces a relatively low and constant EF value that is 
generated only by the interparticle plasmon coupling.  
 
 
 
Figure 3.2.2 (a) SERS spectra of benzenethiol (BT) molecules and (b) the calculated 
enhancement factors (EF) measured the SERS substrates with different gap distances. 
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Figure 3.2.3 SEM image of a SERS substrate with nine individual cluster array patterns 
(gap distance: 150 nm). In this study similar arrays were fabricated for all gap distances to 
investigate the reproducibility of the SERS signals. 
 
In addition to obtain a high EF value, another important SERS performance parameter is 
the reproducibility. Here, the EF reproducibility was tested by investigating the standard 
deviation of the EF values obtained from nine cluster array patterns with the same gap 
distance prepared on one substrate (an example is displayed in Figure 3.2.3). As shown in 
Figure 3.2.4, the SERS substrate with a gap distance of 30 nm shows a good 
reproducibility of the EF value and the standard deviation value is only 5%. In contrast, 
SERS measurements of a non-patterned substrate of the same Au nanoparticles were 
performed. In the case of the non-patterned substrate, only a relatively low EF value was 
observed, because the distance between neighboring Au nanoparticles is usually larger 
than 10 nm which is too large to create a strong interparticle coupling. Although some 
particle aggregates are formed (Figure 3.2.5) they are much smaller than the cluster 
structures formed on the patterned SERS substrates. Therefore, these particle aggregates 
are not suitable to induce a strong plasmon coupling for the SERS enhancement. In 
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addition, the standard deviation of the EF value for the non-patterned substrate is much 
larger (32%), which is a consequence of the random distribution of the Au nanoparticles. 
 
 
Figure 3.2.4 (a) SERS spectra and (b) corresponding enhancement factors (EF) of the 
SERS substrate with a gap distance of 30 nm and the non-patterned Au nanoparticle 
substrate. The error bars indicate the standard deviation as percentage of the mean EF 
value from nine cluster array patterns with the same gap distance.  
 
 
Figure 3.2.5 SEM picture of a non-patterned Au nanoparticle substrate. 
 
The examples summarized in this chapter demonstrate the possibility to hierarchically 
fabricate functional surface structures based on local electrochemical lithography by 
utilizing molecules and nanoparticles. In the next chapter the applicability of the 
patterning process is extended to other substrates beside the Si substrates used in this 
chapter.  
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4.  Extending of the range of substrates suitable for local 
electrochemical lithography 
Parts of this chapter have been and will be published: P4) D. Meroni, H. Liu, S. 
Ardizzone, U. S. Schubert, S. Hoeppener, submitted to Nanotechnology. P5) H. Liu, S. 
Hoeppener, U. S. Schubert, ChemPhysChem 2016, DOI: 10.1002/cphc.201600490. P6) H. 
Liu, S. Hoeppener, U. S. Schubert, Adv. Funct. Mater. 2016, 26, 614–619. 
 
Silicon is the most frequently used substrate for local electrochemical lithography. 
However, other substrates can be utilized for this technique as well. In this chapter, 
several technologically important materials are investigated for the lithographic process, 
including AlOx, TiO2, graphene, and polypyrrole doped with sodium 
dodecylbenzenesulfonate (PPy(DBS)). The extention of the range of substrates can 
enlarge the scope of applications of local electrochemical lithography.  
 
4.1   TiO2 and AlOx 
Local electrochemical lithography represents a powerful tool for the patterning of SAMs, 
in particular of OTS monolayers. Commonly used substrates are SiOx and ITO. Here, two 
additional important substrates, i.e., titanium dioxide (TiO2) and aluminum oxide (AlOx) 
substrates were investigated for their abilities to be structured by local electrochemical 
lithography. Moreover, a comparative study was conducted which indicated the 
differences in the preparation of OTS monolayers on SiOx, ITO, TiOx, and AlOx 
substrates as well as in their utilization and electrochemical characterization as substrates 
for the lithographic process.  
 
For local electrochemical lithography based on a conductive AFM tip, one of the essential 
factors is the availability of smooth substrates. Si wafers and ITO substrates are 
commercially available in a good quality. TiO2 and AlOx substrates have to be 
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custom-made. TiO2 layers were prepared on either glass or commercial ITO substrates by 
calcination of spin coated titanium sol films, which form homogeneous surfaces with a 
relatively small surface roughness. AlOx substrates were prepared by coating of an 
evaporated Al film deposited onto a mica substrate. The native oxide layer can be formed 
by additionally O2 plasma treatment. To handle the flexible films conveniently, a silicon 
support was used to stabilize them. OTS monolayers were prepared for all substrates by a 
dip coating process in a bicyclohexyl (BCH) solution. The immersion time was found to 
be rather different for the individual substrate materials. The typical required immersion 
times are listed in Figure 4.1.1 as well as the characteristic properties of the formed 
monolayers. Silicon substrates required the shortest preparation time, whereas ITO, AlOx 
and TiO2 required relatively long assembly times to obtain reasonable OTS monolayers. 
Only based on water contact angle measurements the quality of the monolayers is difficult 
to assess, because even slight differences in the surface roughness might have a 
considerable influence as well. Hence, the monolayers were additionally evaluated by the 
application of AFM and FT-IR investigations. If an orderly packed OTS monolayer was 
formed on the surface, the wavenumber of the -CH2 stretching vibrations should be 2918 
cm-1 or even less.[47] As shown in figure AlOx displays the best monolayer quality. The 
degree of order the OTS molecules of TiO2 and ITO is slightly lower compared to AlOx 
and SiOx, which is indicated by their higher wavenumbers of the -CH2 stretching 
vibrations.  
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Figure 4.1.1 Summary of the parameters and characteristic properties of OTS monolayers 
prepared on different substrates. 
 
For the lithographic processes on these OTS functionalized silicon/silicon oxide, ITO, 
TiO2 and AlOx substrates, negative bias voltage pulses were applied to the tip in vector or 
spectroscopy mode. Detailed studies of the lithographic behavior have up to now only be 
reported for OTS monolayer on SiOx and ITO substrates.[29,48] Hence, a comparative 
study was performed to investigate the differences of the oxidation characteristics also on 
the other substrates. The required oxidation conditions to obtain patterned surfaces are 
summarized in Figure 4.1.2. A range of oxidation times is reported for each substrate, 
which defines a plateau region where the patterning results stay more or less constant, as 
previously reported in the literature for OTS-Si systems.[29] It can be clearly seen that 
different oxidation conditions are required for different OTS functionalized substrates. In 
particular the oxidation time and bias voltages show strong variations. The oxidation 
times of OTS-Si are very short (5 to 10 ms), while ITO and AlOx substrates require 
longer oxidation times (10 to 60 ms). For OTS-TiO2, oxidation times as long as 90 ms are 
necessary to obtain lithographic features. In general, high electrical currents will result in 
the decomposition of the water meniscus between the tip and the substrate. Therefore, for 
the highly conductive substrates ITO and AlOx a Si spacer was inserted in the setup 
acting as a resistor to decrease the electron transport between the tip and the substrate.[49] 
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On the other hand, lithography on SiOx and TiO2, were performed without additional 
resistors. The relative humidity is another parameter to be considered during the 
lithographic process. In the case of ITO, lithography could be successfully performed by 
working at a high relative humidity. The situation is different for the OTS-TiO2 and 
OTS-AlOx samples since the lithography could be performed at relative low humidity 
conditions (45 to 55%). That suggests the relative humidity represents a less crucial 
parameter for these two substrates.  
 
 
Figure 4.1.2 Comparison of the lithographic processes on different OTS modified 
substrates. 
 
To make sure that the formed structures are caused by the functionalization of the OTS 
monolayer and are not resulting from the degradation of the monolayer and/or an 
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associated phase transition of the underlying substrates, oxidative lithography was also 
performed on the bare substrates. Scanning Kelvin probe microscopy (SKPM) was 
utilized for measuring the surface potential during the lithographic process, which is 
mainly influenced by the chemical changes on the surface. As previously reported, for 
silicon/silicon oxide substrates elevated structures of oxide were formed after the 
lithographic process. No obvious differences in the surface potential were observed on the 
bare substrates of ITO, AlOx and SiOx, which is due to the fact that the anodized features 
and the substrates consist of the same material (Figure 4.1.3a, c).[49] In the case of TiO2, 
no significant change of the surface potential could be obtained. However, elevated 
topographical structures could not to be observed in tapping mode AFM as well for this 
substrate (Figure 4.1.3b, d). This can be explained by the fact that the TiO2 was prepared 
by a sol-gel process, which means a bulk oxide phase has already formed on the surface. 
Conversely, the other substrates are just covered by a thin native oxide layer. As another 
evidence for the successful functionalization of OTS monolayers, the growth of silver 
nanoparticles on the patterned structures was tested. The chemical active patterns which 
contain carboxyl groups can be loaded with Au ions, followed by the reduction with 
hydrazine or hydrogen peroxide vapor. The formed small nanoparticles can be increased 
in size by means of a silver enhancer solution to enlarge the particle size. As shown in 
Figure 4.1.4, the silver nanoparticles are selectively immobilized on the patterned areas 
of ITO, TiO2, and AlOx substrates, which represent an additional proof for the successful 
patterning of all OTS modified substrates. 
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Figure 4.1.3 (a, b) Lateral force and (c, d) surface potential images of AlOx and TiO2 
after the lithographic processes. 
 
 
Figure 4.1.4 AFM images of silver nanoparticle patterns on a) SiOx, b) AlOx, c) TiO2, 
and d) ITO substrates. 
 
In this study, two new technologically important substrates, i.e., AlOx and TiO2, were 
tested for local electrochemical lithography. Similar to SiOx and ITO, AlOx and TiO2 
substrates are suitable for this lithographic technique. Chemically active patterns 
functionalized with carboxyl groups can be obtained during the lithographic process, 
which can be used for further processing.  
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4.2   Graphene 
In addition to conventional metal and semiconducting materials, another highly 
interesting substrate is graphene, which was also investigated for local electrochemical 
lithography approach. This two-dimensional sp2 carbon network material has been 
actively investigated as a building block for the applications of various electronic devices, 
due to its exceptionally high conductivity and carrier mobility.[50–52] Similar to 
silicon-based materials in microelectronic processing, lithographic patterning represents 
an essential step for the fabrication of graphene devices.[53] In this chapter, a new 
direct-write method by local electrochemical lithography performed on graphene layers is 
reported. A chemically active pattern was obtained on the OTS modified graphene oxide 
(GO) surface and, additionally, the electronic property of the underlying graphene layers 
can be manipulated.  
 
The outline of the performed modification steps is schematically illustrated in Scheme 
4.2.1. GO can be dispersed well in aqueous solutions due to the polar oxygenous groups 
on the surface. Moreover, these groups can be further utilized for the modification of the 
GO by chemical reactions, such as the self-assembly of long alkyl silane chains.[54,55] To 
test the presented functionalization sequence, a silicon substrate is cleaned by Ar plasma 
treatment, followed by coating with a layer of APTMS molecules. The amine groups of 
the APTMS can act as an efficient adhesion promotor for the assembly of graphene oxide 
onto the wafer. Afterwards, OTS is self-assembled (OTS-GO) on top of the GO, utilizing 
the oxygenous groups of the GO as binding sites for the OTS network. 
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Scheme 4.2.1 Schematic illustration of the preparation of the OTS-GO films and the local 
electrochemical lithographic process on OTS-RGO films. 
 
Each functionalization step can be investigated by means of water contact angle (WCA) 
measurements, FT-IR investigations and morphological studies performed by AFM. 
While the silicon wafer after the plasma cleaning treatment shows a typical water contact 
angle of <5°, after grafting the APTMS layer the water contact angle increases to 58 ± 3°. 
The value slightly decreases to 45 ± 4° after the immobilization of GO (GO-APTMS), 
due to the presence of the oxygeneous groups on the GO surface. As displayed in Figure 
4.2.1b, a discontinuous film of individual GO sheets with a thickness of ~1 nm was 
attached onto the APTMS modified surface. After the assembly of OTS molecules 
(OTS-GO), the contact angle of the substrate increased significantly to approximately 98 
± 3°. This value is much higher than that of GO-APTMS, but still lower than that of a 
compact OTS monolayer (110 ± 3°).[56] This can be explained by the fact that only a 
discontinuous film of GO was assembled on the substrate surface. All these observations 
were further proven by FT-IR spectroscopy, i.e., by the analysis of the -CH2 stretching 
vibrations. The peaks are not observable for the APTMS-GO substrates, since the signal 
intensities which belong to the propyl groups of the APTMS molecules are too weak. 
However, after the self-assembly of the OTS monolayer, the -CH2 vibrations are 
observable and the corresponding peaks are located at 2918 and 2850 cm-1, respectively 
(Figure 4.2.2a). The positions of these peaks reveal that a well-organized OTS monolayer 
was formed on the GO sheets. Additionally, as depicted in Figure 4.2.2c, the AFM 
measurements show the formation of a smooth OTS monolayer morphology with a root 
mean square (RMS) roughness of 0.77 nm. 
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Figure 4.2.1 AFM topography images of (a) APTMS, (b) GO-APTMS, (c) OTS-GO, and 
(d) OTS-RGO films. The area for the image is always 5 μm × 5 μm. 
 
The graphene oxide can be reduced by an additional heating step. The OTS-GO substrate 
was heating to 200 °C under a protective N2 atmosphere for 2 h.
[57,58] Despite the elevated 
temperatures, the contact angle of the obtained substrate (OTS-RGO) did not significantly 
decrease after the reduction step (97 ± 3°). As depicted in the FT-IR spectra, the peaks of 
the -CH2 stretching vibrations only shifted slightly towards higher wavenumbers. 
Although the AFM investigations show a more disordered OTS film structure formed in 
the surface, only a small increase in the surface roughness (RMS roughness: 1.02 nm) 
was observed (Figure 4.2.1d). That means that a reasonably homogeneous film with a 
low surface roughness was preserved after the thermal annealing step. The advantage of 
this reduction step is that the relatively low heat-treatment temperatures of 200 °C can 
avoid the destruction of the OTS monolayer and, moreover, will prevent the splitting of 
the GO sheets into smaller domains.[58] Raman spectra of OTS-GO and OTS-RGO are 
displayed in Figure 4.2.2b. The curves show two prominent peaks at 1346 and 1600 cm-1 
relating to the D and G modes of the graphene, respectively. The G mode is 
corresponding to the vibration of sp2-hybridized carbon and the D mode relates to 
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sp3-hybridized carbon.[57,58] The ratio of Id/Ig is corresponding to the electronic structure 
of GO/RGO. This value decreased from 1.50 to 1.16 after the heating process, which 
means that a large part of the GO was reduced to RGO. Another evidence for the 
successful reduction of GO was obtained by sheet resistance measurements. The 
resistance value decreased from 9740 ± 25 to 67 ± 3 Ω/sq after heat treatment. These 
experiments prove that conductive RGO layers can be generated which are still covered 
by a reasonably well ordered OTS monolayer (Figure 4.2.1a).  
 
 
Figure 4.2.2 (a) FTIR spectra of different substrates; (b) Raman spectra of OTS-GO (1), 
OTS-RGO (2), lithographic square areas before (3) and after heating reduction (4). 
 
After the preparation of the OTS-RGO films, the lithographic process was performed 
utilizing a conductive AFM tip. As shown in Figure 4.2.3a, a ring structure was obtained 
after the lithography. An associated height increase of ~1.5 nm in the patterned areas was 
observed by tapping mode AFM investigations. The height increase is caused by the fact 
that the oxidation of the RGO or even the oxidation of the silicon substrate itself occurred 
during the lithographic process. To investigate this issue in more detail, micro-Raman 
investigations (Figure 4.2.2b) of a lithographic square area (Figure 4.2.3b) were 
performed. The characteristic ratio of intensities of the D and G bands (Id/Ig) was 1.46, 
which is close to the value of the GO before the thermal reduction. These findings 
indicate that both OTS monolayers and the underling RGO were oxidized after the 
lithography. Afterwards the substrate can be thermally reduced again utilizing the same 
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heating process as mentioned above. The reduction was confirmed by micro-Raman 
investigations. The ratio of Id/Ig decreased to 1.19 again which was close to the value of 
OTS-RGO before the lithography (Figure 4.2.2b).  
 
 
Figure 4.2.3 (a) A height image of a ring structure on the OTS-RGO substrate. (b) A 
lateral force image of a square pattern. 
 
To obtain more insights of the lithographic process, scanning Kelvin probe microscopy 
(SKPM) was utilized for investigating the details of the lithographic process. The surface 
potential is mainly influenced by the chemical changes on the surface. Figure 4.2.4a 
shows the surface potential map of an oxidized circle structure and the value increased by 
~25 mV in the patterned area (Figure 4.2.4b). This increase is in agreement with the 
lithography performed on OTS-Si substrates.[59] In addition to the chemical modification, 
a strong change of conductivity is observed in the lithographic areas as well due to the 
oxidation of the RGO. As shown in the current image (Figure 4.2.4c), the current 
decreases in the oxidized areas indicated the re-oxidation of the RGO, which can also be 
observed in the previously discussed micro-Raman investigations. However, it has to be 
mentioned that the drop in conductivity could be also related to the growth of the silicon 
oxide at the monolayer-Si interface. To further investigate this issue, detailed 
measurements of the lithographic oxidative process were performed by inscribing a set of 
dot patterns with different oxidation times. The same tip was used for the lithography and 
the analysis of all structures. The changes in the height and the conductivity were 
analyzed for the individual structures. The lithographic processes were carried out on bare 
silicon wafers, RGO assembled on an APTMS modified silicon wafer and on the 
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OTS-RGO substrates for comparison (Figure 4.2.5). Figure 4.2.5a summarizes the 
height increase of each substrate during the oxidative process. For the bare silicon 
reference a self-limiting growth of the oxide patterns is observed.[60] In the case of 
RGO-APTMS and OTS-RGO a different height increasing profile is obtained. In the 
beginning of the oxidative process a relatively slow height increase is observed until a 
feature height of ~0.5 nm is reached. After that the height increase accelerates until the 
value reaches 2.5 nm. After 8 ms the height increase stops after the structure height 
reaches 3 nm. No significant differences could be observed between the RGO and the 
OTS-RGO substrates. This leads to the conclusion that the oxidation of the OTS 
monolayer has little effect on the observed height increases. We suggest that in the first 
stage the height increase was mainly caused by the oxidation of graphene and then the 
oxidation of the Si substrates occurred during the second and third stage. This conclusion 
is in agreement with that of Chuang and co-workers.[61] Moreover, for the first stage of 
the OTS-RGO oxidation, the value of height increase is approximately 0.5 nm, which is 
consistent with that of the height change expected from the transition of graphene to 
grahene oxide.[62] Additionally, the current decrease of the oxidized dot patterns was 
characterized as well (Figure 4.2.5b). The current differences between the patterned areas 
and the surrounding unmodified substrates are decreasing gradually for all curves. In 
analogy with the contribution of the height increase, the influence of the current decrease 
caused by the OTS monolayer is also insignificant. Obviously, the final difference 
between the OTS-RGO and the bare silicon wafer (-4 pA) reflects the conductivity 
change of the RGO. 
 
Extending the range of substrates suitable for local electrochemical lithography 
39 
 
 
Figure 4.2.4 Surface potential and current images (a, c) and their corresponding section 
analyses (b, d) for the local electrochemical lithography performed on the OTS-RGO 
substrate. 
 
 
Figure 4.2.5 Analysis of (a) the height increase and (b) the current decrease of dot 
patterns at different lithographic times. 
 
As mentioned in the previous chapter, the chemical active patterns which contain the 
carboxyl groups can be selectively loaded with Au ions, followed by reduction with H2O2 
vapor. The formed small nanoparticles can grow to larger nanoparticles by means of an 
electroless silver plating method (Figure 4.2.6a). After the binding of Ag nanoparticles, 
the substrate can be reduced again using the same heating method. It can be clearly seen 
that the particles remain on the patterned area after the thermal reduction process (Figure 
4.2.6b).  
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Figure 4.2.6 Tapping mode AFM images of Ag nanoparticles grown on different pattern 
areas (a circle and a square). 
 
Graphene offers potential applications for the fabrication of biosensors due to its unique 
properties, including fast electron transportation and large detection area. Here, a glucose 
sensor was fabricated based on an OTS-RGO micropattern. The micropattern was 
prepared by the application of a copper TEM grid as a replacement for the conductive tip 
to obtain large chemically active patterns in one oxidative step. Figure 4.2.7a displays an 
optical micrograph of a water condensation TEM grid micropattern obtained in the 
lithographic step. Water vapor tends to condense in the hydrophilic patterned areas (dark 
regions). After thermal reduction, the patterned substrate was used to bind glucose 
oxidase (GOD) by the formation of amide bonds after an activation process with 
N-hydroxysuccinimide/1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (NHS/EDC). As 
depicted in Figure 4.2.7b and 7c, the enzymes were selectively immobilized on the 
lithographic stripe areas with good coverage. In general, GOD catalyzes the oxidation of 
glucose in the following reaction: D-glucose + O2 + H2O → D-gluconic Acid + H2O2. 
The reaction product hydrogen peroxide can increase the conductance of graphene.[63] In 
case a device with microscale dimensions is used, even a small amount of H2O2 enables a 
significant increase of the current. That means that a very low detection limit of glucose 
can be obtained by this method. Figure 4.2.7b illustrates the change of the current values 
related to different concentrations of glucose. For low concentrations of glucose, the 
current shows a fast linear increase. The current increase slows down when the 
concentration of glucose is higher than 0.1 mM and the final saturated detection 
concentration is 1 mM. This can be explained by the fact that a limited number of active 
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sites of GOD are bound on the substrate. In a control experiment, an unmodified stripe 
micropattern without GOD was prepared. However, the current did not change 
significantly with increasing the concentration of glucose (Figure 4.2.7d), which proves 
that the oxidation caused by GOD has the main effect in this sensing process. 
 
 
Figure 4.2.7 (a) An optical micrograph of a TEM grid pattern on OTS-RGO. (b, c) AFM 
images of GOD on the lithographic areas and (d) current response of glucose at different 
concentrations. 
 
In conclusion, graphene was successfully utilized for local electrochemical lithography. 
During the patterning process, not only the oxidation of the OTS occurred, but also the 
graphene was oxidized, followed by the conversion of silicon to silicon oxide. In analogy 
to the OTS-Si substrate, a chemically active pattern was formed on the graphene layers. 
Moreover, a functional device, i.e., a glucose sensor, was fabricated by the application of 
OTS-RGO micropatterns. The method offers an effective way to manipulate the 
electronic as well as the chemical properties of graphene, providing attractive possibilities 
for the fabrication of complex device structures. 
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4.3  Polypyrrole 
Besides self-assembled monolayers, polymer films are suitable for local electrochemical 
lithography as well. In this chapter, a reversible memory nanodevice was fabricated based 
on polypyrrole (PPy) doped with NaDBS (PPy(DBS)) films. A bias voltage, which is 
applied between the tip and the substrate, induces the reversible redox reaction of 
PPy(DBS). The resolution of the generated nanopatterns can reach approximately 80 nm. 
These patterns can be erased completely by applying the opposite voltage. Additionally, 
the write-erase process can be repeated on the same position of the polymer film. With 
this approach reversible volume changes and resistance switching effects can be realized 
on the PPy(DBS) film.  
 
 
Scheme 4.3.1 Schematic illustration of the write-erase process on PPy(DBS) films. 
 
The eletropolymerization time of PPy(DBS) was set to be 1 min to obtain a smooth 
surface. As depicted in Figure 4.3.1a and 1b, a smooth polymer film with a thickness of 
~60 nm was generated on the Au substrate. The root mean square roughness is in the 
range of 1.5 nm, as measured by AFM tapping mode investigations. Figure 4.3.1c shows 
that some small protrusions appeared on the PPy(DBS) surface, which increased in size at 
longer polymerization times.[64] In general, if the conductive polymer is doped with large 
anions, such as dodecylbenzenesulfonate (DBS), these anions will be trapped within the 
polymer matrix when the polymer is reduced. In the meanwhile, the Na+ cations and their 
associated solvation shells will move into the matrix to maintain the charge neutrality, and 
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thus, an expansion of the PPy occurs. For the present lithographic process, a negative bias 
voltage (−5 V) was applied to the Au substrate. The conductive AFM tip was scanned 
along a defined pathway (e.g., a circle) while keeping the contact force constant (Scheme 
4.3.1). Afterwards, the resulting pattern was imaged using AFM tapping mode. As shown 
in Figure 4.3.2a, a circle grew at the position where the tip was scanned with an applied 
bias voltage as result of the volume expansion. This process also alters the conductivity of 
the substrate. The current intensity was measured between the tip and each point of the 
surface. As depicted in the current map (Figure 4.3.2b), the conductivity in the 
lithographic area (-6 nA) was lower than that in the other areas (-11 nA), which indicates 
that reduced, more insulating PPy(DBS) was formed during the lithographic process in 
the tip contact area. It is worth mentioning that a relatively small bias voltage (1 V) was 
used to avoid inducing additional changes of the PPy(DBS) films during the current 
intensity measurements. A constant force was utilized for the patterning of the PPy films. 
Higher contact forces had no significant influence on the width of the patterned structures, 
but will decrease the lifetime of the tip, due to the loss of the conductive coating or the 
contamination of the tip with traces of polymer. On the other hand, if a very small contact 
force is applied the formation of the required water meniscus between the tip and the 
polymer film will be unreliable. Therefore the patterning process would be incomplete. In 
general, by optimizing the applied force to the tip it is possible to perform ~100 writing 
and erasing cycles without significant degradation of the patterning quality. Additionally, 
the effect of the applied bias voltage was investigated as well. Normally, lowering the 
applied voltages requires longer lithographic times to obtain comparable results, however, 
below a voltage of −3 V at a relative humidity of 50% no pattern was formed, even at 
very long contact times. This is due to the fact that the redox reaction of PPy(DBS) is 
unable to initiate under this condition. The stability of the patterns was tested after three 
weeks and no differences in the patterned areas were found. Moreover, repeated scanning 
by the AFM tip on the pattern surface did not degrade or affect the topographic features. 
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Figure 4.3.1 (a) SEM and (b) AFM topography images of the PPy(DBS) films and cross 
section of the topography measured along the white line. (c) Zoomed view of (b). 
 
After demonstrating the successful electrochemical modification of the substrates their 
potential utilization as storage devices was investigated. The ability of erasing the created 
structures was tested. Figure 4.3.2c shows that the generated circle in the first writing 
step can be erased completely when the tip is scanned with an opposite voltage (5 V) and 
with the same inscription time (5 ms). In addition, the lithographic pattern was also 
removed in the current image (Figure 4.3.2d), which indicates that the reduced PPy(DBS) 
was oxidized again during the erasing process and returned to the conducting state. In the 
case of testing the rewriting ability, it is essential to ensure that the lithographic process 
was performed in the same area where the pattern was written the first time. For this 
purpose, a dot mark was additionally placed as a traceable label in the upper left corner of 
each image during the first writing step (see arrows in Figure 4.3.2). As shown in Figure 
4.3.2e, another circle was written at the same location of the PPy(DBS) film utilizing the 
same lithographic procedure. Afterwards, the structure could be erased again by applying 
the opposite voltage. Write-erase cycles could be performed at the same position for 17 
times with no observable memory effect of the previous cyclic process. 
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Figure 4.3.2 (a) Topography and (b) current images of a circle pattern (writing time: 5 
ms); (c, d) after erasing the circle (erasing time: 5 ms); (e, f) rewriting a circle at the same 
location (writing time: 5 ms); (g, h) after re-erasing the circle (erasing time: 5 ms). For 
orientation a marker was inscribed in the upper-left corner of the images (indicated by an 
arrow). The size of each image is 1 μm × 1 μm. 
 
Additionally, scanning Kelvin probe microscopy (SKPM) was utilized to analyze the 
mechanism of the electrochemical lithographic process. Figure 4.3.3 shows a surface 
potential image of a writing circle on the PPy(DBS) film. For the patterned area, the 
surface potential decreased from ~70 to ~40 mV, followed by returning to the original 
value after the erasing process (Figure 4.3.3c). The reversible changes also indicate that 
PPy(DBS) underwent reduction and re-oxidation processes which are related to the 
writing and erasing processes, respectively. As reported in literature, in addition to the 
reversible expansion, irreversible processes may also occur during the redox reaction of 
PPy(DBS), due to the irreversible insertion of ions and solvent shells.[65] In order to 
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obtain a better understanding of the PPy(DBS) changes occurring during the reversible 
expansion, lithographic processes at different writing times were performed. As depicted 
in Figure 4.3.3d and 3e, the surface potential decreased significantly at longer writing 
times (8 ms), i.e., from ~70 to ~25 mV. After the erasing process, the potential of the 
pattered area did not recover completely as a result of the irreversible insertion of Na+ 
ions (Figure 4.3.3f). For this reason, a detailed study of the limitations of the write-erase 
process was conducted. Figure 4.3.4 summarizes the topography and current images of 
the generated circles at different lithographic times. In the case of the writing processes, 
the expansion of the polymer volume increased with writing time. The height of circles 
increased from ~2 to ~8 nm and the line width increased from ~80 to ~200 nm when the 
lithographic times changed from 2 to 10 ms. The current change of structures showed a 
similar trend and decreased from ~2 to ~9 mA. These results demonstrate that more 
PPy(DBS) was reduced during the redox reaction if longer lithographic times were 
applied. Thus, stronger expansion of the volume and a decrement of the conductivity took 
place. As shown in Figure 4.3.4, the pattern can be erased completely if the writing time 
is in the range of 2 to 5 ms. However, if the writing time increased to 8 ms, only a part of 
the structure could be erased. When utilizing longer writing times, i.e., 10 ms, the 
inerasable parts became larger. Moreover, the inerasable parts were nearly the same even 
when increasing the erasing time to 15 ms. Thus, it was concluded that the reversible 
redox reaction can be accomplished only when short lithographic times were used, while 
longer times will cause an irreversible write-erase process. The reason is that the 
reversible expansion of PPy(DBS) occurs quickly, while the irreversible reaction takes 
much longer.[65] Additionally, it is worth pointing out that short writing times are also 
beneficial to obtain structures with high lateral resolution. It was also observed that 
lithographic voltages below −9 V cause non-erasable structures. This can be explained by 
the fact that an irreversible reaction of the PPy occurred and/or excessive Joule heating 
might result in an irreversible mass transport in this case.  
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Figure 4.3.3 (a, c) Surface potential images after writing and erasing a circle (writing 
time: 5 ms and erasing time: 5 ms). (b) Cross section of the white line in (a). (d, f) Surface 
potential images after writing and erasing a circle using longer times (writing time: 8 ms 
and erasing time: 8 ms). (e) Cross section of the white line in (d). The size of each image 
is 1 μm × 1 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Extending the range of substrates suitable for local electrochemical lithography 
 
48 
 
Writing/erasing  
time 
 
2 ms 
 
5 ms 
 
8 ms 
 
10 ms 
Writing 
(topography)  
    
Writing  
(current) 
    
Erasing 
(topography) 
    
Erasing  
(current) 
    
Figure 4.3.4 Comparison on topography and current intensity of the writing and erasing 
processes at different operation times. The size of each image is 1 μm × 1 μm. 
 
In summary, PPy(DBS) films were investigated for the local electrochemical lithographic 
process. A reversible nanopattern with a resolution limit of ~80 nm was fabricated on the 
polymer film. The changes of current intensity and surface potential indicate that 
PPy(DBS) underwent reduction and re-oxidation processes, which were corresponding to 
writing and erasing processes, respectively. These reversible volume changes and 
resistance switching effects provide a possibility for the fabrication of memory 
nanodevices on the basis of conductive polymers.
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5.  Summary 
The present thesis addressed the preparation of functional micro- and nanopatterns by 
local electrochemical lithography (Figure 5.1). Different molecules and nanoparticles 
could be self-assembled on the lithographic patterns to form functional systems and 
devices. Several technologically important materials were investigated to extend the range 
of substrates for the lithographic approach.  
 
 
Figure 5.1 Overview of the content of the chapters presented in this thesis.  
 
In general, self-assembled monolayers (SAMs), in particular OTS monolayers are one of 
the most frequently used films for local electrochemical lithography. The methyl groups 
(–CH3) groups of OTS can be oxidized to carboxyl groups (–COOH) during the 
lithographic process, which enables further chemical functionalization procedures. As 
such, the first application of patterned OTS monolayers was to create a microscale 
catalytic system. [Fe-Fe]-hydrogenase active-site model complexes were immobilized 
onto a micropattern surface by ester bond formation. The catalytic activity of the [Fe-Fe] 
complex molecules was investigated by cyclic voltammetry (CV) measurement. One 
oxidation and two reduction peaks were observed in the CV curves, which relate to the 
different redox processes of the di-iron complex. Moreover, the current of the cathodic 
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waves was increasing when adding acetic acid to the catalytic system, due to the 
electrocatalytic proton reduction in the solution. According to the CV results it could be 
demonstrated that the biomimetic metal centers of [Fe-Fe]-hydrogenase active-site 
complex molecules still kept their catalytic activity after the immobilization on the 
patterned OTS monolayers. Besides functional molecules, also nanoparticles could be 
assembled on the patterned OTS monolayers as well. Au nanoparticles were utilized and 
can be immobilized on a dot pattern substrate to form cluster arrays. Strong SERS signals 
were generated due to the interparticle and intercluster plasmon coupling of the 
nanoparticles. In particular, an enhancement factor (EF) value of ~5×106 was achieved 
when the interparticle separation was less than 5 nm and the intercluster seperation was 
30 nm. Moreover, a good reproducibility of the EF was obtained for the prepared samples, 
because of the regular periodic structures. 
 
In general, silicon is the most frequently used substrate for local electrochemical 
lithography performed on OTS monolayers. In this thesis, three additional technologically 
important substrates, i.e., TiO2, AlOx, and graphene, were also tested to extend the 
possibilities to utilize this patterning approach. Despite of the relevant differences 
concerning the surface properties, in terms of film thickness and conductivity of the tested 
substrates, good quality OTS monolayers were obtained in all case by a careful adaptation 
of the deposition parameters. In analogy to OTS-Si, –COOH groups were formed on these 
OTS modified substrates after the lithographic process using special oxidation parameters. 
In particular, for the graphene layers, the mechanism of oxidation was analyzed by 
investigating the height increase and the current decrease of the written dots at different 
oxidation times. Not only the OTS was oxidized, but also the oxidation of graphene 
occurred, followed by the conversion of silicon to silicon oxide. The formed GO can be 
reduced again by means of a thermal reduction method. The demonstrated process 
provides an approach to manipulate the electronic and the chemical properties 
simultaneously for the graphene substrates, which is difficult to achieve by other methods. 
Moreover, a glucose sensor with a low detection limit was fabricated on the patterned 
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graphene substrate. In addition to OTS monolayers, polymer films are suitable for local 
electrochemical lithography as well. Here, polypyrrole doped with sodium 
dodecylbenzenesulfonate (PPy(DBS)) was investigated for the introduction of a reversible 
lithographic process that allows reversible nanopatterning with a lateral resolution limit of 
approximately 80 nm. A distinct height increase was observed during the patterning 
process because of the incorporation of Na+ ions and their solvation shells into the PPy 
matrix. Afterwards, the generated pattern can be erased and rewritten again at the same 
location of the film. The changes of current transport and surface potential indicate that 
PPy(DBS) underwent reduction and re-oxidation processes, which are corresponding to 
writing and erasing processes, respectively. This patterning method could open up 
possibilities for the fabrication of memory devices on the nanoscale by utilization of PPy. 
 
In summary, this thesis addressed the fabrication of functional systems and devices at 
micro- and nanoscale by local electrochemical lithography, including a microcatalytic 
[Fe-Fe] model complex molecules system, highly active SERS substrates and a glucose 
sensor device. For extending the application scope of this lithographic technique, different 
technologically important substrates, i.e., AlOx, TiO2, graphene, and PPy, were tested and 
selected potential applications were investigated as well. Next to the fabrication of 
functional devices the characterization of the patterning processes was a focus of the 
thesis. Advanced characterization tools, i.e., SKPM, micro-Raman, AES, SEM and TEM, 
were utilized to carefully investigate the patterning processes. As such, this thesis could 
contribute to the field of local electrochemical lithography and opening new possibilities 
for device fabrication.
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6.  Zusammenfassung  
Die vorliegende Arbeit befasst sich mit der Herstellung funktioneller Mikro- und 
Nanostrukturen durch Anwendung der elektrochemischen Lithographie (Abbildung 6.1). 
Dabei konnten lithographische Strukturen hergestellt werden, die durch 
Selbstorganisationsprozesse mit verschiedenen Molekülen und Nanopartikeln 
funktionalisiert wurden. Auf diese Weise konnten funktionelle Mikro- und Nanosysteme 
aufgebaut werden. Neben der Herstellung dieser Strukturen lag ein weiterer Schwerpunkt 
der Arbeiten auf der Übertragung des verwendeten Lithographieverfahrens auf andere, 
technologisch relevante Substratmaterialien. 
 
 
Abbildung 6.1 Übersicht über den Inhalt der Kapitel dieser Doktorarbeit. 
 
Bislang wurden insbesondere selbstorganisierte Monolagen aus n-Octadecyltrichlorosilan 
(OTS) als Substrate für die lokale elektrochemische Lithographie eingesetzt. Hierbei 
werden die oberflächenterminalen Methyl Gruppen (–CH3) der Alkylketten während des 
Lithographieprozesses zu Säure Gruppen (–COOH) oxidiert, was eine nachfolgende, 
weitere Funktionalisierung dieser Gruppen erlaubt. In dieser Arbeit wurde zunächst ein 
mikrostrukturiertes katalytisches System auf den strukturierten OTS Monolagen 
aufgebaut. Dabei wurden [Fe-Fe]-Hydrogenase-Modellkomplexe auf den 
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mikrostrukturierten Oberflächen mittels einer Esterbindung verankert. Die katalytische 
Aktivität der Komplex wurde mit Hilfe der Cyclovoltammetrie (CV) untersucht. Dabei 
konnten ein Oxidations- und zwei Reduktionsschritte nachgewiesen werden, die zu 
verschiedenen Redoxprozessen der Di-Eisen-Komplexe gehören. Es konnte weiterhin 
gezeigt werden, dass der Strom im Bereich des kathodischen Potentialbereichs durch die 
Zugabe von Essigsäure aufgrund der elektrokatalytischen Reduktion von Protonen in der 
Lösung zunahm. Aus diesen CV-Daten kann geschlossen werden, dass die auf der 
strukturierten OTS Monolage verankerten biomimetischen Metallzentren der 
[Fe-Fe]-Hydrogenase-Modellkomplexe trotz der Anbindung zum Substrat ihre 
katalytische Aktivität behalten.  
Neben funktionellen Molekülen können auch Nanopartikel auf den strukturierten OTS 
Monolagen angebunden werden. In der vorliegenden Arbeit wurden Goldnanopartikel 
verwendet, die in der Form eines Punktrasters auf der Oberfläche angeordnet werden 
können. Dabei bilden sich auf jedem der Punktbereiche Cluster, die aus 20 bis 30 
einzelnen Nanopartikeln bestehen. Diese Punktraster zeigen aufgrund von 
interpartikulären Plasmonenkopplungen der Einzelpartikel sowie Kopplungen zwischen 
den Clustern sehr stark oberflächenverstärkte Ramansignale. Im Falle eines 
Clusterabstandes von 30 nm und einem mittleren Abstand der individuellen Nanopartikel 
innerhalb des Clusters von <5 nm konnte eine Verstärkung der Ramansignale um einen 
Faktor von ~5×106 erreicht werden. Darüber hinaus zeigten die so hergestellten Substrate 
auf Grund ihrer hochgeordneten periodischen Strukturen eine gute Reproduzierbarkeit der 
erreichbaren Verstärkungsfaktoren. 
Bislang war Silizium das meistverwendete Substratmaterial, um die elektrochemische 
Lithographie an OTS-Monolagen durchzuführen. In dieser Arbeit konnten drei weitere 
technologisch relevante Substratmaterialien etabliert werden: Titandioxid (TiO2), 
Aluminiumoxid (AlOx) und Graphen. Damit konnte der Einsatzbereich der 
elektro-oxidativen Lithographie maßgeblich erweitert werden. Unabhängig von den sehr 
unterschiedlichen Eigenschaften der verwendeten Substrate bezüglich ihrer Schichtdicken 
und ihrer Leitfähigkeiten, konnten auf allen Substraten durch eine Anpassung der 
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Beschichtungsparameter qualitativ gute OTS Monolagen erhalten werden. Analog zur 
elektro-oxidativen Lithographie, die auf Siliziumsubstraten (OTS-Si) durchgeführt 
wurden, konnten auch bei den anderen Substraten durch die Strukturierung –COOH 
Gruppen erhalten werden, die mit Hilfe verschiedener analytischer Methoden, wie z.B. 
durch Scanning Kelvin Probe Messungen, nachgewiesen wurden. Allerdings waren 
jeweils optimierte Oxidationsparameter notwendig. Insbesondere für Graphenschichten 
wurde der Oxidationsprozess im Detail untersucht. Dabei wurden sowohl die 
Höhenzunahme der oxidierten Strukturen als auch der Abfall der lokalen Leitfähigkeit in 
Abhängigkeit von der angewendeten Oxidationszeit betrachtet. In diesem Fall fand nicht 
nur eine Oxidation der OTS Monolage statt, sondern auch das Graphen selbst wurde 
durch den Lithographieprozess oxidiert, was schlussendlich bei sehr langen 
Oxiadationszeiten auch zu einer Oxidation des Siliziumsubstrates führt. Das in diesem 
Prozess gebildete Graphenoxid kann mit Hilfe einer thermischen Reduktion wieder in 
sogenanntes reduziertes Graphenoxid umgewandelt werden. Damit ist im Falle von 
Graphen nicht nur eine chemische Strukturierung mit Hilfe der oxidativen Lithographie 
möglich, sondern es lassen sich gleichzeitig auch die elektronischen Eigenschaften des 
Graphensubstrates kontrollieren. Diese Möglichkeit kann nur schwer mit Hilfe anderer 
Strukturierungsmethoden erzielt werden. Mikrostrukturierte Graphenschichten wurden 
darüber hinaus erfolgreich genutzt um einen Glukosesensor mit einer sehr geringen 
Detektionsgrenze aufzubauen.  
Neben den OTS-Monolagen können auch Polymerfilme für die elektrochemische 
Lithographie verwendet werden. In der vorliegenden Arbeit wurde Polypyrrol dotiert mit 
Natriumdodecylbenzolsulfonat (PPy(DBS)) verwendet, um ein Substrat zu erhalten, mit 
dem eine reversible Nanostrukturierung mit einer Lateralauflösung von circa 80 nm 
etabliert werden kann. Während der Strukturierung des Substrates wurde eine Zunahme 
der Topographie im Bereich der Nanostruktur nachgewiesen, die auf die Einlagerung von 
Na+ Ionen und ihrer zugehörigen Lösungsmittelhüllen in die PPy Matrix zurückzuführen 
ist. Nach diesem Strukturierungsschritt kann die entstandene topographische Struktur 
reversibel wieder gelöscht, bzw. neu geschrieben werden. Die entstandenen 
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topographischen Strukturen unterscheiden sich darüber hinaus in ihrer Leitfähigkeit und 
dem Oberflächenpotenzial. Diese Beobachtungen legen nahe, dass das PPy(DBS) 
reversible Reduktions- und Re-Oxidationsprozesse durchlaufen kann, die den Schreib- 
bzw. Löschzyklen entsprechen. Die hier eingeführte Strukturierungsmethode bietet neue 
Möglichkeiten zur Herstellung von Speichermedien auf der Nanometerskala. 
Zusammenfassend konnten in der vorliegenden Arbeit mikro- und nanostrukturierte 
funktionelle Systeme mit Hilfe der elektro-chemische Lithographie hergestellt werden. 
Deren Bandbreite reicht von mikrokatalytischen [Fe-Fe]-Modellkomplexsystemen, über 
hocheffiziente SERS-Substrate bis hin zu einem Glukosesensor. Im Hinblick auf die 
Anwendbarkeit der verwendeten Strukturierungsmethode konnten wichtige Beiträge 
geleistet werden, indem AlOx, TiO2, Graphen und PPy als neue potentielle Substrate für 
die elektrochemische Strukturierung eingeführt wurden. Neben der Herstellung 
funktioneller Strukturen stand die Untersuchung des Oxidationsverhaltens dieser 
Substrate im Fokus dieser Arbeit und lieferte Einblicke in die ablaufenden Prozesse. Die 
Ergebnisse dieser Studien wurden mit Hilfe von hochentwickelten und spezialisierten 
Analysemethoden, wie SPKM, micro-Raman, AES, SEM und TEM untermauert. Damit 
konnte diese Arbeit dazu beitragen, Verbesserungen im Bereich der elektrochemischen 
Lithographie einzuführen und neue Möglichkeiten für die Herstellung funktioneller 
Strukturen aufzuzeigen. 
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Nanoscale Materials Patterning by
Local Electrochemical Lithography**
By He Liu, Stephanie Hoeppener* and Ulrich S. Schubert
Scanning probe lithography (SPL) techniques are mainly based on electrical, mechanical, and thermal
interactions between a tip and substrates. By comparison, the electrical ﬁeld-induced SPL is highly
attractive because a variety of chemical changes can be induced on the surface based on electrochemical
reactions taking place during the lithography processes. In this review, we provide an overview of
recent advances in the ﬁeld of electrical ﬁeld-induced SPL processes, i.e., the local electrochemical
lithography. Different substrate materials are discussed, and new concepts, applications and
technological improvements are presented.
1. Introduction
Nanomaterials have been used in many ﬁelds, such as
electronics, optics, medicine, and energy.[1–4] The successful
application of these materials with novel properties depends
inmany cases on their effective integration into frameworks at
the nanometer scale.[5,6] For conventional nanolithography,
i.e., optical and electron beam lithography, there are major
disadvantages, including high costs, the need for multiple
processing steps, and the utilization of harsh environments,
like, vacuum, strong acid or base solutions, and high
temperatures. Thus, ﬁnding alternative nanopatterning
approaches with high accuracy, low cost, working at mild
fabrication conditions is appreciated for a further progress of
nanoscience. Among many other techniques, scanning probe
lithography (SPL) represents a promising method, which
offers precise control with high lateral resolution (below
10nm),[7,8] the potential for low cost, and fabrication processes
that can be carried out under ambient conditions. In addition,
the utilization of scanning probe microscopy (SPM) enables
a direct investigation of the created nanostructures by
SPM imaging. For typical SPL processes, a tip will be used
for tailoring surface properties on the substrates based
on electrical, mechanical, and thermal interactions. Among
these SPL approaches, electrical-induced local lithography is
regarded as an attractive tool because the electrical ﬁeld
between the tip and the substrates can induce different
electrochemical reactions, that means, functional groups or
even new materials on the substrate surface can be obtained
based, e.g., on electrochemical reactions, which largely
expands the number of potential applications. In 1990, Dagata
et al. ﬁrst reported the local oxidation of hydrogen-passivated
silicon by a scanning tunneling microscope (STM). The
obtained resolution of the written features reached 100nm.
Further tests showed the oxygen incorporation into the silicon
surface during the lithography process.[9] In 1993, Day et al.
succeeded in the selective area oxidation of silicon with a
conductive atomic force microscopy (AFM) tip. Compared
with STM lithography, a distinctive advantage of AFM is that
the voltage applied between the tip and the substrate can be
chosen independently of the feedback circuit, which enables
selecting an optimum voltage for and high-resolution
lithography.[10] This improvement laid the foundation for
further developments of local electrochemical lithography
and ignited a new area of research that has relevance to a
large number of applications that utilize nanostructured
surfaces.
Here, we provide an overview of recent developments of
the local electrochemical lithography technique. The review is
organized as follows: in Section 2, the nanolithography of
semiconducting and metal substrates is introduced. In a
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previous review, the electrochemical lithography of self-
assembly monolayers was highlighted.[11] Therefore, only a
short description and some new advances in this ﬁeld will be
presented in Section 3. Nanolithography of polymer coatings
and some technological changes will be summarized in
Sections 4 and 5, respectively. Finally, the development of this
ﬁeld of research will be summarized and an outlook on SPL
lithography will be provided.
2. Nanolithography of Semiconducting and
Metal Substrates
2.1. Semiconducting Substrates
The ﬁrst local electrochemical lithography was performed
on silicon substrates.[9] After that, the research was followed
rapidly by other studies. In 1995, Sugimura and Nakagiri
discussed the mechanism of STM-induced electrochemical
lithography in detail on hydrogen-terminated silicon surfa-
ces.[12] As shown in Figure 1, the adsorbed water is regarded
to form an electrochemical cell and electrochemical reactions
will proceed between the tip and the substrate by applying an
appropriate bias voltage. The net electrochemical reactions
are show in Equation 1 and 2.[13]
Sample reaction : Mþ nH2O!MOn þ 2nHþ þ 2n e ð1Þ
Tip reaction : 2nH2Oþ 2n e ! nH2 þ 2nOH ð2Þ
During the electrochemical lithography process one impor-
tant factor which determines the resolution of the pattern is
the lateral diffusion ofOH ions. In the general ionic-diffusion
mechanism, OH ions migrate through the water meniscus
between the tip and the substrate. Xie et al. developed a new
shock-wave (SW) assisted spreading mechanism for OH ion
diffusion under a high bias voltage at high humidity
conditions. The authors suggested that transient SW propa-
gation could largely extend the characteristics of the lateral
distribution of OH ions. Some unique oxide patterns were
obtained by single- and multiple-shock pulses during the
oxidation process.[14] Hwang and co-workers demonstrated a
simple method to improve the AFM local oxidative rate and
height of oxides by coating a thin layer of gold on Si and InP
substrates. The authors proved that the gold layer can increase
the conductance and can inhibit the decline in growth rate
caused by the increasing resistance of the growing oxide.[15]
Based on a similar principle, Vijaykumar et al. produced
silicon oxide patterns with a height of 13 and 40nm on Si
surfaces which were decorated with Au nanoislands and
nanocrystals, respectively.[16] Losilla et al. used silicon oxide
patterns fabricated by local oxidation nanolithography as a
template for the positioning of charged tetrathiafulvalene
derivative semiconductors utilizing electrostatic interac-
tions.[17]Martinez et al. fabricated a complex single-crystalline
silicon nanowire ﬁeld-effect transistor with a channel width of
4 nm by a combination of local oxidation lithography and
additional etching steps. The authors proved that the AFM
lithography process was compatible with many integrated
circuit processes, such as the Si-CMOS technology.[18] Mo et al.
prepared biomimetic nanotextures on a H-passivated Si
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Fig. 1. Schematic illustration of local electrochemical lithography on silicon.
Reproduced with permission.[13] Copyright 2006, RSC Publishing.
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surface. The desired dimension with a height of the nano-
texture of about 1 nm could be accomplished by controlling
the lithography parameters, such as the bias voltage, the
oxidation time, and the humidity. The silicon substrate with
the biomimetic nanotextures exhibited an improved adhesive
resistance compared with untreated silicon. These surfaces
with special nanotextures may be used for applications in
microhydromechanics, wettability control, biosensors, and
biochips.[19] Silicon carbide (SiC) represents a well-known
band gap semiconductor material, but it is difﬁcult to be
employed for local electrochemical lithography because of its
physical hardness and chemical inactivity. Jo et al. succeeded
in obtaining electrochemical oxide growth on 4H-SiC. The
authors increased the tip loading force (>100 nN), hence, a
high electric ﬁeld (8 106V cm1) was produced on a highly
doped SiC surface.[20] Ahn and co-workers investigated the
effect of crystalline plane orientations of SiC (a-, m-, and
c-planes) on the local oxidation of 4H-SiC wafers by AFM.
The authors found that the oxidative rate and height of the
a-plane and the m-plane were lower compared to those of
the c-plane, mainly due to the difference of the surface planar
density.[21] In addition to silicon materials, other semicon-
ducting substrates are also suitable for local electrochemical
lithography. Tan et al. achieved band gap variation by
selective thinning of CdTe nanowireswith a conductive tip.[22]
The bias voltage applied to the AFM tip was higher than the
threshold of electric ﬁeld-assisted evaporation of CdTe. Thus,
the authors were able to precisely control the thickness of the
nanowire by the real-time monitoring of the etching process.
Resonance tunneling diodes with double barrier quantum
well structures were prepared by varying the nanowire
thickness from 3.5 to 8.5 nm. Ahn et al. investigated the
oxidation SPL on different doping types (p- and n-types) and
plane orientations (100, 711) of GaAs. The local oxidation rates
of p-type and GaAs (100) were higher compared with those
of n-type and GaAs (711), respectively.[23] Spinney and co-
workers fabricated carbon lines with a width of 40 nm.
Thereby, the carbon can be collected onto a positively biased
AFM tip from a glassy carbon substrate and was deposited
onto thin gold ﬁlms when a negative voltage was applied to
the tip. The mechanismmay be based on high-ﬁeld discharge,
electromigration, or surface migration processes, but is up to
now not completely understood.[24] Kumar et al. systemati-
cally studied the etching of carbon nanotubes by oxidation
SPL. Features with various sizes were obtained and small
structures of down to 58 nm were generated by optimizing
the process parameters.[25] Recently, graphene has become
one of the most exciting materials because of its highly
interesting properties. Masubuchi et al. demonstrated the
local oxidation of graphene with a conducting AFM tip.
The graphene/graphene oxide/graphene junction showed a
nonlinear I–V characteristic due to the presence of a Schottky
barrier at the junction (Figure 2).[26] Mativetsky et al. found
that graphene oxide (GO) could be reduced to graphene
by a local electrochemical reduction process. The obtained
micropatterned reduced GO-transistor revealed an eight
order of magnitude increase in current density compared to
an unreduced GO-transistor.[27] Yong et al. fabricated a
graphene cellular array on SiO2 layers. The graphene layer can
be oxidized by an electric ﬁeld applied between the AFM tip
and the substrate. Charges were accumulated on an isolated
cell of patterned graphenewith a decay time constant of about
70min.[28]
2.2. Metal Substrates
Besides semiconducting materials, a great number of
metal substrates have been used for the local electrochemical
lithography as well, such as aluminum, gallium, germanium,
molybdenum, niobium, titanium, etc.[29–38] Boisen et al.
prepared an aluminum oxide pattern with a line width of
100 nm by oxidation SPL. By combining reactive ion etching,
aluminum and aluminum oxide were both suitable as etch
masks to fabricate a variety of structures.[29] Davis and co-
workers also fabricated an Al oxide pattern using non-contact
AFM local anodic oxidation. Compared with contact mode
AFM, the non-contact mode can reduce the tip/sample
interaction forces, i.e., reduce the tip wear greatly. The authors
obtained a surface pattern with a line width of 10 nm by
adjusting the oxidation parameters. Afterwards, this writing
process was also applied on a CMOS chip, whichmay be used
as a ﬁrst step for producing nanomechanical devices.[30] Tsai
et al. prepared gallium oxide nanodots on an indium tin oxide
glass substrate to fabricate resistive random access memories.
The structure consisted of a top layer (an AFM tip), the
insulator layer (GaOx), and the bottom layer (Ga ﬁlms). The
device can be switched from a high-resistance state to a low-
resistance state and can be reset again by applying a suitable a
bias voltage.[31] Oliveira et al. reported an AFM lithography
approach on germanium thin ﬁlms. The generated Ge oxide
can be used as a mask and can be easily removed by water.[32]
In a similar approach, Kawai et al. developed MoO3 masks by
oxidation SPL on Mo ﬁlms. Afterwards, a pattern of epitaxial
(Fe,Mn)3O4 thin ﬁlms was obtained by chemical etching with
the MoO3 mask. The authors demonstrated that Mo-assisted
AFM lithography was characterized by low contamination
and high patterning ﬂexibility, therefore, being convenient for
patterning Fe-based oxide nanostructures.[33,34] Espinosa et al.
fabricated a nanoscale transistor on a single-layer MoS2 ﬂake.
The insulating MoO3 barriers with a width of 200 nm were
patterned by a conductive AFM tip being moved across the
Fig. 2. Schematic setup for oxidation SPL on a graphene ﬂake. Reproduced with
permission.[26] Copyright 2011, American Chemical Society.
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source and the drain electrodes.[35] Bouchiat et al. prepared
niobium oxide protrusions by AFM-controlled anodization.
This pattern could be utilized for forming Josephson
junctions and superconducting quantum interference devices
(SQUIDs).[36] Delacour patterned narrow niobium oxynitride
lines with 30 nm resolution on niobium nitride ultrathin ﬁlms.
Superconducting single-photon detectors with “meander-
lines” structures were fabricated and single photon response
was achieved under blue and red illumination (Figure 3).[37]
An early example of tip-induced electrochemical lithography
on titanium surfaces was demonstrated by Suginura et al.[38]
Afterwards, Siles and co-workers fabricated Ti-oxide-Ti
junctions on thin Ti ﬁlms by applying the local probe
lithography process. The TiO2 junctions at the nanoscale show
I–V characteristics similar to a switchable rectiﬁer and a
memristive behavior owing to ionic motion through the
metal-semiconductor interfaces.[39] Sagunova et al. studied
the kinetics of local probe oxidation on different metal ﬁlms,
such as, V, Nb, Ta, Ti, TiN, andW. The oxidation rate depends
on different parameters of the metals, like the resistivity, the
presence and the thickness of a natural surface oxide ﬁlm,
the relationship between the densities of metals and oxides,
and the electrochemical constant of the oxidation process.
Moreover, the authors suggested that local insulator nano-
regions were formed much easier on vanadium compared
with other metals, because of the high rate of anodic probe
oxidation.[40]
3. Nanolithography of Self-Assembly
Monolayers
3.1. Different Self-Assembled Monolayers
Self-assembled monolayers (SAMs) have attracted much
attention since experimentally discovered in 1980.[41] The
applications of SAMs are numerous, such as, control of
wetting and adhesion, biological engineering, molecular
recognition for sensors and nanofabrication, etc.[42–45] In
1999, Sagiv and co-workers ﬁrst reported that a highly
ordered 18-nonadecenyltrichlorosilane (NTS) monolayer on
silicon can be electrochemically oxidized by applying a bias
voltage to a conductive AFM tip. A line of approximately
10 nm inwidth could bewritten on theNTS surface. As shown
in Figure 4, the vinyl groups of NTS converted into carboxyl
groups after electrical oxidation lithography, followed by
the self-assembly of additional n-octadecyltrichlorosilane
(OTS) ﬁlms.[46] In subsequent work, the authors extended
this lithography to the robust and methyl-terminated OTS
monolayers. The tip induced an electrochemical conversion
fromCH3 to COOH groups which enabled other chemical
derivatization steps.[47] Moreover, Wouters et al. conducted
further research on the lithography process of OTS mono-
layers on Si substrates. There are two essential processes for
this electrochemical lithography: Firstly, the conversion of
methyl groups of OTS to carboxyl groups, and secondly,
the formation of silicon oxide at the silicon substrate.
The formation of carboxyl groups will lead to a signiﬁcant
change in friction force, while the growth of silicon oxide
features a distinct increase in height. Therefore, the authors
could determine the time scales of these two oxidized
processes through ﬁction and height measurements after
different periods of the oxidation process.[48] Hoeppener
et al. extended this local oxidation lithography method
to other OTS monolayers modiﬁed substrates besides Si,
such as AlOx, TiO2, ITO, and even graphene. Yang et al.
performed this patterning method on two other monolayers,
i.e., a hexadecyl monolayer and an N-hydroxysuccinimide
(NHS)-ester-functionalized undecyl (NHS-UA) monolayer.
Compared with the oxidation conditions applied for OTS
on Si, milder conditions were required on these two
monolayers: the bias voltage thresholds were reduced by
approximately 2V for the hexadecyl monolayers and
3.5V for the NHS-UA monolayers. In addition, the
Fig. 3. AFM pictures of NbN meander-lines. The bright regions are the patterned oxide
lines. Reproduced with permission.[37] Copyright 2007, AIP Publishing.
Fig. 4. Schematic view of a two-step electrochemical patterning and development
process: 1) tip-induced electro-oxidation of NTS self-assembled monolayer on the silicon
substrate and 2) site-selective self-assembly of OTS on the polar surface groups.
Reproduced with permission.[46] Copyright 1999, Wiley.
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generated carboxyl groups also provided possibilities for a
further pattern fabrication.[49] Unruh et al. utilized a mixed
monolayer which consisted of propyltrichlorosilane and
triethoxysilane derivatives featuring a redox-active trime-
thylbenzoquinone moiety. As shown in Figure 5, oxidative
and reductive patterns were formed on the same surface
when a positive and a negative bias voltage were applied to
the AFM tip. Afterwards, the authors assembled pentathio-
phene dimethylchlorosilane and C60 molecules on the
oxidized and reduced patterns, respectively. This suggested
that both, p-type and n-type materials, can be assembled on
the same substrate, which may enable in the future the
fabrication of heterogeneous nanostructures.[50] Qin et al.
fabricated oligo(ethylene glycol) (OEG)-terminated alkyl
monolayers on silicon substrates. The conversion of
the ethylene glycol groups to carboxylic and aldehyde
groups was achieved by oxidation SPL without substantial
degradation of the OEG layer or oxidation of the silicon
substrate. Subsequently, the authors attached avidin mole-
cules to the oxidized pattern, followed by immobilization
of biotinylated molecules and nanoparticles. According to
the avidin–biotin binding interactions, a wide range of
biotinylated biomolecules could be patterned on these
modiﬁed silicon substrates.[51]
3.2. Applications of Chemically Active Patterns
As mentioned above, the local electrochemical lithography
of surfaces offers a promising method to introduce chemical
functionalities at the nanometer scale. Commonly used ﬁlms
for this technique are OTS monolayers. The formed COOH
groups generated during the lithographic process were
utilized as templates for the fabrication of chemically active
patterns. Checco et al. proved that ethanol vapor could
be condensed onto the hydrophilic COOH stripes and the
topology of the ethanol nanostripes was well described by
the density functional theory with dispersive, non-retarded
potentials.[52] Berson et al. fabricated an ion-conducting
surface pattern based on the top COOH groups. The
length scales of the patterns ranged from nanometers to
centimeters. The transport of a single layer of different metal
ions could be conﬁned to a predeﬁned surface path by
utilizing this approach.[53] Druzhinina and co-workers
fabricated ring structures by electrochemical oxidation
lithography on OTS monolayers. Two different chemical
areas were obtained: the core, consisting of silicon oxide, and
the surrounding, an acid-functionalized rim feature.[54]
Afterwards, the authors fabricated a bilayer structure, i.e.,
the COOH groups generated by lithography can link to a
Fig. 5. (a) Schematic illustration of AFM patterning on the mixed monolayer with positive and negative bias voltage. (b) The route for synthesis of mixed monolayer composed of
benzoquinone and propyltrichlorosilane. Reproduced with permission.[50] Copyright 2010, American Chemical Society.
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second OTS layer based on the formation of hydrogen bonds.
The tip-induced oxidation applied on the bilayer required
signiﬁcantly longer pulse durations. Utilizing this feature of
the oxidation process, the authors fabricated a nanometric
gap between the monolayer and bilayer structures, where a
self-assembly nanoparticle was anchored. This combined
approach may have broad applications for sensors or single-
electron transistors.[55] In subsequent research, the authors
performed the site-selective assembly of individual, prese-
lected nanotubes onto the pattern area terminated byCOOH
groups. As shown in Figure 6, a cross-shaped conﬁguration
of two carbon nanotubes was obtained. Moreover, the
construction material is not only limited to carbon nanotubes
but might be suitable for other nanowires as well.[56]
Haensch et al. assembled bromo-undecyltrichlorosilane
to this COOH-terminated patterns, followed by the site-
selective generation of an azide-terminated adlayer and
performing the highly effective 1,3-dipolar cycloaddition
reaction with acetylene-functionalized molecules.[57] Becer
et al. also used this bromine-functionalized pattern to
prepare polymer brushes by atom transfer radical polymeri-
zation (ATRP).[58] Chowdhury et al. developed a new
wetting driven self-assembly approach based on a local
electrochemically oxidized OTS monolayer used as a tem-
plate. First, some non-volatile low-melting organic materials
were selectively immobilized onto the pattern due to the
hydrophilic property of the COOH groups. Subsequently,
the silver or gold ions binding to the organic materials could
form elemental metal nanoparticles by further chemical
processing. This method can be extended to a variety of
non-volatile materials with appropriate melting temperature
and surface wetting characteristics to produce surface
nanostructures.[59]
4. Nanolithography of Polymer Coatings
Scanning probe-induced electropolymerization represents
another important member of the local electrochemical
lithography process family. Jang et al. developed the rapid
direct writing of conductive polymer nanostructures by
electrochemical cross-linking. As shown in Figure 7, a
conductive AFM tip acted as the working electrode and
precursor polymer 1 could be converted into the conducting
polymer 2 by applying an appropriate voltage between the tip
and the substrates. The structure sizes can be controlled by the
writing speed, the writing mode, and the applied voltage.[60]
According to a similar approach, Nam et al. fabricated
polypyrrole nanowires by electropolymerization of pyrrole
monomers on gold surfaces.[61] Xie et al. created nanoscale
heterogeneous structures from the insulating matrix poly(N-
vinyl carbazole) (PVK). The conductive structure formation
was based on the cross-linking of the carbazole groups
by bridge oxygen, which was induced by an AFM nano-
discharge process.[62] Mandal et al. observed that the
substrate-speciﬁc molecule geometry and mobility repre-
sented two important rate-determining factors for the tip-
induced chain polymerization of diacetylene compounds.[63]
Afterwards, Okawa et al. fabricated polydiacetylene nano-
wires by chain polymerization initiated by an STM tip.
A resonant tunneling diode was produced by connecting
these two conductive polydiacetylene nanowires to a single
phthalocyanine molecule.[64]
In addition to electropolymerization, local electro-
chemical lithography can also be employed directly on
Fig. 6. (a) Height and (b) lateral force images of an oxidized line on OTS monolayers.
(c) Height and (d) phase images of an individual carbon nanotube assembled on the
same line. (e) Height and (f) phase images of a second carbon nanotube assembled on
the vertical line. Reproduced with permission.[56] Copyright 2013, American Chemical
Society.
Fig. 7. (a) Electropolymerization nanolithography process. (b) Conversion of insulating
precursor polymer to conductive polymer by electrochemical cross-linking. Reproduced
with permission.[60] Copyright 2004, American Chemical Society.
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polymer ﬁlms to obtain nanostructures. Advincula et al.
investigated the performance of different layer-by-layer-
assembled polymer ﬁlms with AFM electrical lithography.
For ﬁlms of quinquethiophene/phthalocyanine, the conduc-
tivity can be controlled reversibly between the conducting
state and the insulating state, due to an electrochemical
charging–discharging effect (Figure 8).[65] For poly(3,4-ethyl-
enedioxythiophene)-poly(styrenesulfonate)/poly(diallyldimethyl-
ammonium chloride) (PDDA) multilayers, a write–read–
erasable memory device was fabricated. A large height
increase was observed after the lithography process based
on mass transport by Joule heating. Afterwards, the pattern
could be erased by applying a low voltage (from1 to 1V).[66]
In the case of poly{1-4[4-(3-carboxy-4-hydroxyphenylazo)–
benzene–sulfonamido]-1,2-ethanediyl, sodium salt} (PAZO)/
PDDA) ﬁlms, a similar phenomenon of mass transport and
alignment of azobenzene was observed due to the local
electric ﬁeld-induced Joule heating.[67] Choi et al. obtained
nano-/micro-sized patterns on a methoxy-poly(ethylene
glycol) (PEG) modiﬁed Si substrate. The protrusive silicon
oxide pattern created by electrical oxidation lithography
shows a higher chemical activity compared to the original
PEG area. As a consequence, streptavidin labeled with Au-
colloidal particles and non-labeled streptavidin could be
selectively immobilized on the silicon oxide-patterned
areas.[68] Rankin et al. guided the orientation of ferroelectric
domains in a poly(vinylidene ﬂuoride) (PVDF) ﬁlm by a
surface pattern. Depended on a surface photoreduction
reaction, metal nanoparticles were deposited onto the pattern
area.[69] Ma and co-workers reported for the ﬁrst time the
utilization of poly(methyl methacrylate) (PMMA) brushes as
electrets to store electrostatic charges. Both positively and
negatively charged patterns could be formed by controlling
the voltage applied to the tip. In addition, the authors found
that the trapped charges in the PMMA brushes were stable
even in organic solvents, such as, hexane and toluene. These
results may open new ways for polymer brushes to be part of
applications in electronic devices.[70]
5. Technological Changes
As a nanotechnology tool, local electrochemical lithogra-
phy is utilized so far only in the laboratory rather than in an
industrial production. Technological changes or improve-
ments are the key factors for the future development of this
patterning method. In short, the whole lithography process
is controlled by three parts, i.e., the tip, the lithography
mediums, and the substrate. Any optimization of these three
parts will have signiﬁcant impact on the improvement of the
lithography process.
5.1. Changes of the Electrochemical Lithography
Medium
For the typical local electrochemical lithography experi-
ment, water vapor is adsorbed and forms a water bridge
between the tip and the substrates which is regarded as an
electrochemical cell. Sometimes it is desired to exchange the
aqueous environment by other gas or liquids. In 1997, Pyle
reported AFM lithography under an anhydrous ammonia
atmosphere. Si3N4 lines were grown on the silicon surface
with a negatively biased tip. The electrochemical process
occurred as described by equation 3.[71]
3 Siþ 4NH3 ! Si3N4 þ 6H2 ð3Þ
Garcia et al. achieved SiCx nanostructures based on a dynamic
AFM operating in ethyl alcohol vapor.[72] The lithography
process is illustrated in Figure 9. The liquid bridge, acting as
the electrochemical cell, was induced by the bias voltage.
When the bias voltage was switched off, the tip would be
retracted and the bridgewould break. Afterwards, the authors
performed the polymerization and cross-linking of the octane
molecules on the silicon surface and prepared a pattern of
2 nm structures with 6 nm periodicities.[73] Zhang et al.
demonstrated the reduction of graphene oxide at the
nanoscale with a Pt-coated tip under hydrogen atmosphere.
The conductive tip used here played a key role in the catalytic
reduction of the graphene. Conductive-crossed nanoribbons
and ﬁeld effect transistors (FET) with good functionalities
were fabricated by this method.[74] In order to avoid oxidizing
the substrates below, in some cases, inert atmosphere was
used for the local electrochemical lithography. Frechet and
co-workers reported organic monolayers containing 3,5-
dimethoxy-R,R-dimethylbenzyloxycarbonyl (DDZ)-protected
amino and thiol groups. After the electrical cleavage of the
Fig. 8. Schematic illustration of the fabrication process of a write–read memory device.
Reproduced with permission.[65] Copyright 2006, American Chemical Society.
Fig. 9. Schematic illustration of the dynamic lithography process. Reproduced with
permission.[72] Copyright 2005, Wiley.
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DDZ groups, amine and thiol patterns were produced on the
surface, followedbyself-assemblyofdendriticmacromolecules
and Au nanoparticles, respectively.[75,76]
An early study of utilizing liquid as lithographic medium
was reported byNagahara et al. The patterning of Si andGaAs
surfaces was performed in (0.05%) HF solution. The oxide
generated by the electrochemical reactions could be etched
directly by HF and patterns with a line width of 20 nm were
accomplished.[77] Hilton et al. performed lithography on
silicon surfaces in a water environment. The oxide structures
showed a full order of magnitude increase in both structure
height and growth rate compared to lithographic process
performed in air, due to the electrolytically generated bubbles
in water which promoted the oxide growth.[78] Mirkin et al.
investigated the effect of different monolayers on the
electrochemical lithography process. The authors suggested
that both the hydroxide anion and the bias voltage were
essential factors for the pattern generation. As such, high
hydroxide ion concentrations and shorter chain lengths of
molecules of the monolayers, which are easily accessible
for the hydroxide anions, favor the oxidation of the
silicon. Conversely, negatively charged groups, like COOH-
terminated monolayers, will create an electrostatic barrier for
OH penetration, which suppresses the silicon oxide forma-
tion.[79] Kinser and co-workers proved that even an inert
nonpolar organic solvent (i.e., hexadecane) could be utilized
as a medium to induce oxidation on hydrogen-passivated
silicon substrates. The authors suggested that the organic
solvent may have only little effect on the lithography process
when the organic solvent was in contact with air or even at
low relative humidity. The chemical and kinetic behavior
was consistent with lithography processes performed in air
environment as well.[80,81] Frechet et al. investigated the role
of surface hydrophobicity for electrochemical lithography in
hexadecane. As shown in Figure 10, there are two possible
chemical pathways for this patterning process. For a
hydrophilic surface, a stable water meniscus is generated
on the surface. Thus, the oxide growth after the lithography
process is in analogy with the oxidation process in air
environment. In the case of a hydrophobic hexamethyldisi-
lizane (HMDS) modiﬁed surface, the wafer cannot form a
stable meniscus. As a consequence, the solvent will decom-
pose by the bias voltage and generates an sp2-hybridized
carbon structure on the surface.[82] Obermair et al. developed
an interesting approach for the reversible writing of Cu
nanostructures with an AFM tip. When polycrystalline
gold ﬁlms were immersed into copper sulfate and H2SO4
solution, a thin copper oxide ﬁlm will automatically form on
the gold surface, which can be used as a passivating coating to
inhibit the electrochemical deposition of Cu. The authors
utilized an AFM tip to scan on the gold surface at force
loads of 10 nN, resulting in the destruction of the passivating
layers. Subsequently, Cu could be electrochemically deposited
on the scanning position. Afterwards, this Cu nanostructures
could be dissolved again by applying an electrochemical
dissolution potential.[83]
5.2. Electrochemical “Dip-Pen” Nanolithography
The dip-pen nanolithography (DPN) method has attracted
great attention since it was developed by Mirkin and co-
workers in 1999.[84] This technique relies on an AFM tip to
transfer molecular inks to the substrate through a water
meniscus. In 2000, Liu and co-workers introduced an
additional development step to DPN. The authors suggested
that the tiny water meniscus could be not only a transfer
medium, but also an electrochemical cell in which the
dissolved salts could be reduced into metals and deposited
on the substrate surface. They called this new technique
electrochemical dip-pen nanolithography (E-DPN).[85] Two
examples of Pt and Aumetal reduction and deposition on a Si
surface were demonstrated. During the scanning process,
H2PtCl6 and HAuCl4 adsorbed on AFM tips, dissolve in the
water meniscus, and were electrochemically reduced to Pt(0)
and Au(0), respectively, by applying a positive bias voltage
to the tip.[85,86] Afterwards, the authors electrochemically
polymerized 3,4-ethylenedioxythiophene (EDOT) on both
semiconducting and insulating surfaces, and poly-EDOT lines
with a width of less than 100 nm were obtained.[87] Gallium
nitride/gallium oxide nanowire heterostructures were pre-
pared as well. In this study, a KOH solution was used as ink
and was adsorbed on the tip. The electrochemical reaction
between the GaN and KOH occurred when applying a
suitable bias voltage to the tip and gallium oxide was
generated on an GaN nanowire. The authors demonstrated
that this heterostructures revealed rather different electronic
properties due to the electronic transport barriers
of gallium oxide.[88] Similar to the work of Liu
et al., Chu deposited gold nanoparticles on a
single-walled carbon nanotube with E-DPN. This
method may have potential applications for the
fabrication of nanodevices, like single-electron
transistors, etc.[89] Cai et al. developed another
approach which was also derived from DPN but
was different from the approach introduced by
Liu et al. First, a COOH-terminated pattern
was fabricated by AFM-based local oxidation
lithography on an OTS monolayer. Meanwhile, the
ink molecules (mercaptopropyltrimethoxysilane)
Fig. 10. (a) Representation of the set-up for local electrochemical lithography in hexadecane. (b)
Schematic representation of the two chemical pathways according to surface hydrophilicity. Reproduced
with permission.[82] Copyright 2007, Wiley.
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adsorbed on the AFM tip were delivered onto the just
generated –COOH structures according to a hydrolysis
reaction (Figure 11). Multilayers can even be accomplished
by repeating this oxidation lithography accompaniedwith the
delivery process.[90] Tanabe and co-workers employed a new
approach which is different from the conventional E-DPN.
First, Agþ ions were absorbed onto TiO2 substrates before the
lithography process was performed. Voltage was applied
between the tip and the substrates, and the Ag ions could be
reduced to Ag nanoparticles on the surface. By a different
scanning method, it was possible to obtain Ag nanoparticles
and nanorods with various size and morphology.[91]
5.3. Scanning Electrochemical Microscopy
Scanning electrochemical microscopy (SECM) is a kind of
scanning probemicroscopywhich is used tomeasure the local
electrochemical behavior of gases, liquids, and solid inter-
faces. SECM records the current ﬂowing through an ultra-
microelectrode (UME), which results from the oxidation or
reduction reactions on the surface of the samples. In addition
to mapping the reactivity of chemical species on the interface,
this technology can be used for surface patterning as well.
An early work was reported by Mandler and co-workers
who applied the SECM for the high-resolution etching of n-
and p-GaAs.[92] Afterwards, the group reported gold and
palladium electrodeposition onto polyvinylpyridine ﬁlms.
First, Ru(NH3)6
3þwas reduced to Ru(NH3)
2þ by an UME. The
reduced mediator could be used not only for monitoring
the distance between the UME and the surface, but can also
diffuse to the polymer ﬁlms. Subsequently the AuCl4 or
PdCl4
2, which were incorporated in the polymeric matrix,
could be reduced on the surface.[93] Wittstock et al. applied an
Au microelectrode to induce the local desorption of self-
assembled dodecylthiolate monolayers on gold surfaces.
After that, another functionalized thiol was re-adsorption
on the desorbed pattern.[94] Combined with the microcontact
printing method, Wilhelm developed a patterned enzyme
layer composed of glucose oxidase and horseradish peroxi-
dase.[95] Hazimeh et al. discussed the principle of SECM to
study the surface etching kinetics, which showed that the
pattern evolution followed the expansion of the etchant on the
substrate surface. The model that was presented is based on
the formation of a reductive etching of perﬂuorinated
monolayers which were immobilized on insulating (Si/SiO2
or glass) or conductive (ITO) surfaces.[96] Marck et al. reported
that the local polymerization of polythiophene was achieved
by SECM. The monomer in the solution was electropoly-
merized onto an oxidized manganese dioxide surface. In
addition, the authors used a “chemical lens” that can react
with the UME-induced protons to focus the protons’ diffusion
ﬁeld. Thus, the resolution of the pattern could be scaled down
to 8mm with a 10mm Pt microelectrode.[97] Grisotto accom-
plished the local electrografting of vinylic monomers in
aqueous solution by SECM. The reaction process is shown in
Figure 12. The substrate acted as the cathodic working
electrode and the UME as the anodic counter electrode. The
localized grafting reactions occurred on the substrate (reduc-
tion of protons), on the tip (oxidation of water), and in the
medium (radical reactions).[98] Compared with conventional
AFM electrochemical lithography process, SECM lithography
is an effective tool for the rapid fabrication of micrometer-size
patterns, but is limited in the obtainable resolution.
5.4. Parallel Lithography
The structures generated by a tip-induced electrochemical
lithography are fabricated in a serial patterning processes and
the scan speed is limited by the piezo system. To overcome
these problems, some parallel lithographymethods have been
developed. Nishimura et al. prepared an SPM tip with a
contact area of 2.5 1.9mm2 and the resulting throughput
reached 125mm2 s1, which of 10,000 times faster than that of
conventional SPM oxidation lithography.[99] Wouters and co-
workers created large-scale oxidation patterns on OTS
monolayers by a modiﬁed automated AFM. The automated
equipmentwas facilitatedwith a programmable u-у stagewith
1mm precision. The tip can be landed and withdrawn
automatically and a software was implemented to control the
lithography process. Based on this development, a pattern
composed of 1,000 identical circles was obtained with a
Fig. 11. (a) Schematic representation of the lithographic process and (b) a typical
pattern prepared onOTSmonolayers. Reproduced with permission.[90] Copyright 2005,
American Chemical Society.
Fig. 12. Schematic view of chemical reactions during the electrografting process.
Reproduced with permission.[98] Copyright 2011, American Chemical Society.
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single tip. Afterwards, a four-cantilever arraywas also used as
the ﬁrst attempt for demonstrating the parallel probe
oxidation of OTS monolayers.[100] Li et al. created nanoscale
devices on the LaAlO3/SrTiO3 interface with a 1-D array of
conductive tips. The authors were able to control each tip
independently by holding the tip array at a ﬁxed potential and
changing the voltage applied to the individual electrode.[101]
Deiss and co-workers prepared a multiscaled electrochemical
probe with 6,000 nanotips by wet chemical etching followed
by sputter-coating of an ordered optical ﬁber bundle, which
was used to pattern a Teﬂon surface. This SECM lithography
method is expected to generate structures in a short time in a
parallelized and high-throughput manner.[102] Garciá and co-
workers demonstrated a simple way to upscale the local
oxidation nanolithography with an Au-coated digital video
disk (DVD) polymeric stamp. A 5 6 mm2 pattern with
variable length and 100 nm in width was generated on silicon
substrates.[103] In subsequent effort, the group developed an
instrument to control the lithography process precisely which
consisted of a stamp holder, a sample base, and a supporting
frame (Figure 13). The instrument enabled to control the
applied pressure to the sample and the position of the stamp.
Arrays of parallel lines with a separation of 100 nm were
achieved over 1 cm2 within 1min.[104] Then, the authors
introduced a thin ﬁlm of polymethylmethacrylate (PMMA)
between the stamp and silicon substrates which was easily
removed by acetone after the lithography step. The ﬂexibility
of the PMMA ﬁlms enabled the stamp to form a more
homogenous contact with the surface of silicon.[105] Similar to
the previous work, Albonetti developed Au-coated poly-
dimethylsiloxane (PDMS) as a soft stamp to perform the local
oxidation lithography on silicon surfaces.[106] Hoeppener and
co-workers used a transmission electron microscope (TEM)
copper grid as a stamp to accomplish a local electrochemical
oxidation on OTS monolayers. The grid should be exposed to
a saturated water vapor atmosphere ﬁrst, and is subsequently
pressed against the OTS ﬁlms on silicon immediately while
applying a suitable bias voltage. The authors proved the
conversion of CH3 groups of the OTS to COOH groups
after lithography, which was in analogy with the AFM tip-
induced local oxidation on OTS monolayers.[107] The stamp-
induced pattern on one OTS ﬁlm could be transferred again to
another new OTS monolayer. When exposed to a wet
environment, water will adsorb onto the oxidized area due
to the hydrophilic property of COOH groups. Then, the
electrochemical oxidation reactions occurred again when
applied a suitable bias voltage between two OTS ﬁlms and
the pattern information on one surface can be replicated to the
other one.[108]
5.5. Other Innovations
The improvements of the lithography processes and
equipments offer promising prospects for a practical applica-
tion of the nanofabrication approach. Normally, a water
meniscus between the tip and the substrate represents an
essential factor in the majority of the local electrochemical
processes which is regarded as a cell for electrochemical
reactions. Su et al. developed an effective method to enhance
the local relative humidity by approaching a capillary tube to
the lithographic area (Figure 14). Water is evaporated from the
capillary tube, followed by diffusion to the surrounding area,
and then condenses between the tip and the substrate. The
advantage of this approach is a fast response in relative
humidity that can be accomplished in the prospective area
instead of affecting the whole system.[109] Vicary and co-
workers designed a high-speed scan stage using a quartz
crystal resonator (Figure 15). Single silicon oxide nano-
structures with a lateral dimension of 15 nm were generated
on timescales as low as 500 ns by tapping mode AFM. High-
speed oxidation lithography of 2 cm s1 was realized with a
quartz crystal resonator operating at 20 kHz.[110] A sharp and
wear-resistant tip is essential for AFM lithography applica-
tion. Smirnov et al. developed diamond nanowire-based AFM
tips with 300 nm thick nanocrystalline diamond layers. The
apex radius of the integrated diamond nanowire is as small as
5 nm and the resonance frequencies of the modiﬁed tips
increase with increasing diamond coating thickness (from 160
to 260 kHz). Moreover, a signiﬁcant enhancement of the
quality factor was generated (Q¼ 120 to 710). These diamond-
modiﬁed probes showed a high imaging resolution and good
wear-resistance properties compared with commercially
available Si, diamond, or metal-coated tips. In later investiga-
tion, the authors doped boron into the diamond-modiﬁed tips
to increase the conductivity by focused ion beam technology.
These conductive tips can be used e.g. in bifunctional AFM–
SECM measurements.[111]
Fig. 13. Schematic illustration of the parallel oxidation lithography instrument.
Reproduced with permission.[104] Copyright 2006, AIP publishing.
Fig. 14. (a) Scheme of enhancing the local relative humidity with a tube. (b) An optical
photograph of a capillary tube approaching an AFM cantilever. Reproduced with
permission.[109] Copyright 2005, American Chemical Society.
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6. Conclusions and Outlook
Photolithography is currently the most widely used
technique in the semiconductor industry. The small features
of a pattern are limited by the wavelength of the light,
therefore, traditional UV lithographic processes are inherently
limited. Many alternative techniques have been developed,
such as, extreme ultraviolet lithography, X-ray lithography,
electron beam lithography, etc. These techniques allow
minimum feature sizes down to 50 nm. But they require
complex facilities which lead to excessive costs.
Scanning probe lithography represents a promising
approach which also offers precise control with high lateral
resolution. More importantly, it is a low-cost technique and
can be utilized under ambient conditions. Up to now, the SPL
technique is mainly based on electrical, mechanical, and
thermal interactions between the tip and the substrate. In this
feature article, we focused on the electrical ﬁeld-induced local
probe lithography process. By comparison, this lithography
method is able to form patterns and at the same time induce a
variety of chemical changes on the surface based on
electrochemical reactions. So far, this technique has been
used on both semiconducting and metallic substrates. Many
chemical active patterns are also achieved on different self-
assembly monolayer surfaces. Moreover, combined with
electrochemical deposition and electropolymerization meth-
ods, different nanostructures with a broad range of materials
can be obtained.
Although there have been some technological innovations
developed recently, local electrochemical lithography is still a
research method for the laboratory scale rather than for
industrial application. In general, the resolution of patterns
depends largely on the size of the tip. Therefore, a very sharp
tip is required if a pattern with a small size is desired.
Moreover, problems arise due to the low durability of tips
applied during the lithographic process. This may be partly
solved by producing tips with durable materials like diamond
or scanning in a noncontact mode which can largely reduce
the damage of the tip. Another challenge is the low-
throughput production that is also inherent to other scanning
probe lithographic techniques. The use of stamps is a solution
to increase the lithography rate, but the patterning resolution
is up to now decreased compared to the utilization of the tip.
Tip arrays may be a good choice to solve this problem and
they are widely used in the dip-pen nanolithography
techniques, however, the control of multiple tips to perform
electrochemical lithography is also not a simple procedure.
The large number of possibilities emerging from the local
electrochemical lithography motivates the further improve-
ment of capabilities of the instruments and suggests that this
patterning method will contribute to the future development
of nanofabrication.
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ABSTRACT: [Fe-Fe]-hydrogenase active site model complexes ([Fe-
(CO)3]2[(μ-SCH2)2C(CH2OH)2]) were immobilized on micropatterned n-
octadecyltrichlorosilane (OTS) monolayers deposited on a Si substrate to
form a microscale catalytic system. The micropatterns were generated by
electro-oxidative lithography performed with a conductive TEM grid. The
[Fe-Fe]-hydrogenase active-site complex molecules were selectively
anchored in lithographic line areas with good coverage. Additionally, the
biomimetic metal centers of the hydrogenase active-site complex molecules
still maintained their catalytic activity and their redox-active properties after
the immobilization process, which was proven by cyclic voltammetry.
■ INTRODUCTION
Hydrogen is regarded as one of the best fuels for fuel cells.1−4
Several fundamental problems remain to be solved to utilize
hydrogen as an alternative clean energy source. One challenge
is to develop new approaches to generate hydrogen. In nature,
hydrogen can be eﬃciently generated by hydrogenase enzymes,
which catalyze the reversible redox reaction of dihydrogen (H2
↔ 2H+ + 2e−), a process that plays a key role in the microbial
energy metabolism.5 This reversible catalytic reaction is
accomplished by the [Fe-Fe]- or [Ni-Fe]-active sites of
hydrogenase enzymes.6,7 For many applications the immobili-
zation of the hydrogenase active-site enzymes is a fundamental
step for their utilization. Ibrahim et al. reported that it is
possible to incorporate diiron units of [Fe-Fe]-hydrogenase
active sites into a poly(pyrrole) framework grown on platinum
or carbon.8 Model complexes of [Fe-Fe]-hydrogenase active
sites bearing suitable functionalities can be attached, for
example, onto amino-functionalized electrode surfaces9,10 or
negatively charged self-assembled monolayers,11 or even by
binding a redox mediator to the surface and immobilization of
the [Fe-Fe]-hydrogenase active sites.12 Also, the N-hydrox-
ysuccinimide ester formation was utilized to attach [Fe-Fe]-
hydrogenase active site models.13 On the basis of such systems
also bioinspired and biohybrid surfaces can be created.14−16 In
these approaches the immobilization of hydrogenase active-site
model complexes poses special requirements, as the molecular
binding and orientation play an important role in the eﬃciency
of the catalytic process.17 Another critical point of the
immobilization is the functionalization eﬃciency of the binding
process itself to form dense monolayers of hydrogenase active-
site complexes on the surface. Therefore, a careful selection of
the applied preparation protocols is required. For some
applications it is desirable to arrange, for example, enzyme
biomimetic molecules in small, spatially deﬁned regions of a
substrate. These include, for example, the fabrication of sensor
devices, where the local conﬁnement is used to improve their
sensitivity or the immobilization of active molecules in micro-
or even nanometer areas for the study of enzyme reactions or
enzyme cascades. In the latter application diﬀerent enzymes are
located in close vicinity on a surface, and the products
generated from the ﬁrst enzyme can be further processed by a
second enzyme. For these cascade reactions diﬀusion plays an
important role and small distances between the enzymes
improve the eﬃciency of the cascade reactions.18 For these
tasks a versatile lithographic structuring technique is required,
which potentially allows the covalent immobilization and
combination of diﬀerent enzyme model molecules on surfaces.
A suitable technique to achieve these goals is chemical
lithography, which allows the fabrication of hierarchical
structures with micro- and even nanometer precision providing
tailor-made chemical binding sites. Here we utilize electro-
oxidative lithography to create such chemically active surface
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patterns on a n-octadecyltrichlorosilane monolayer.19,20 This
electrochemical−oxidation process creates carboxylic acid
functionalities in the patterned areas, which can be
subsequently used to bind active molecules onto the pattern.
This approach is moreover compatible with the existing
advanced integrated circuit processes, which may open up
other possibilities for the preparation of micro H2 fuel cells.
21
In this study we utilize [Fe-Fe]-hydrogenase active site model
complexes ([Fe(CO)3]2[(μ-SCH2)2C(CH2OH)2]) to func-
tionalize the created surface patterns. The catalytically active
complex ([Fe(CO)3]2[(μ-SCH2)2C(CH2OH)2])
22 has been
prepared by reaction of Fe3(CO)12 with 1,2-dithiolane-4,4-
dimethanol in toluene at 100 °C for 1 h, followed by column
chromatography in 45% yield. The two hydroxy groups are
ideally suited to react with the carboxylic groups achieving ester
bonds, which enable a strong anchoring of the [Fe-Fe]-
hydrogenase active-site model complexes to the lithographic
line pattern (Scheme 1). After the assembly process, the [Fe-
Fe]-hydrogenase active-site model complexes still maintained
their catalytic activity.
■ EXPERIMENTAL DETAILS
Materials. Toluene, n-octadecyltrichlorosilane (OTS), biscyclohex-
ane (BCH), N,N-dimethylformamide (DMF), N,N′-dicyclohexylcar-
bodiimide (DCC), and 4-(dimethylamino)pyridine (DMAP) were
obtained from Sigma-Aldrich. BCH was distilled over sodium before
use. All other reagents were used without further puriﬁcation. Double-
sided polished p-type silicon wafers (100) were obtained from Siegert
Wafer (resistivity: 5 to 10 Ω cm). The Si substrates were treated with
Ar plasma for 2 min before use.
Preparation of [Fe-Fe]-Hydrogenase Active-Site Function-
alized Microstructured Silicon Substrates. OTS monolayers were
prepared by immersing the cleaned silicon wafers in a solution of OTS
(10 μL) in BCH (2 mL) for 1 min, followed by sonication in toluene
and blow drying in N2. Subsequently, the electro-oxidative lithography
was performed with a TEM grid (Agar Grids 300 Parallel Bar, Copper,
3.05 mm). The applied voltage was −25 V and the pulse time was set
to 3 s. Nine individual circle patterns were fabricated on each OTS-Si
substrate (1.5 cm × 1 cm) to increase the area of complex
functionalization for CV measurements. [Fe-Fe]-hydrogenase active-
site model complex molecules were synthesized as previously
described.22 Afterward, the micropatterned OTS-Si substrate was
incubated in a reaction mixture of [Fe-Fe]-hydrogenase active site
complexes (2 mg), DCC (50 mg), DMAP (10 mg), and DMF (2 mL)
for 24 h, followed by sonication in DMF and drying in N2. The
substrates were stored under a protective atmosphere in a desiccator.
Only AFM and FT-IR studies were performed under ambient
conditions after the [Fe-Fe]-hydrogenase active-site complexes were
immobilized on the surface patterns.
Thin-Film Characterization. The ﬁlms were analyzed by atomic
force microscopy (AFM, NT-MDT, NTegra Aura) using commercial
AFM tips (NT-MDT, NCS35/AIBS) in tapping and contact mode.
Auger electron spectroscopy (AES) measurements were performed
at room temperature using a scanning Auger electron spectrometer
with a Varian cylindrical mirror analyzer. AES spectra were acquired
with a primary beam energy of 3 keV. The diameter of the electron
beam is in the range of 20 μm.
FT-IR investigations were conducted on a Bruker Hyperion system
in the rim area of the TEM grid patterns to maximize the
functionalized area. Measurements were performed in transmission
mode using a MLCT liquid-nitrogen-cooled detector and a polarizer
to improve the signal-to-noise ratio. Spectra were recorded using a
spectra averaging of 128 measurements at a resolution of 4 cm−1.
Electrochemical Characterization. Cyclic voltammetric meas-
urements were performed by utilizing a three-electrode technique
utilizing an electrochemical analyzer (Princeton Applied Research,
VersaSTAT MC). The working electrode and the counter electrode
were formed by the [Fe-Fe]-hydrogenase active site functionalized Si
substrate and a platinum wire, respectively. Ag/Ag+ in CH3CN was
used as the reference electrode. All experiments were performed in
CH3CN (Aldrich, anhydrous, 99.8%) solutions containing 0.1 M
Bu4NPF6 (Fluka, electrochem. grade) at room temperature. The
solutions were purged with N2 for 5 min and measurements were
conducted under a constant N2 ﬂow. All cyclic voltammograms were
recorded at a scan rate of 100 mV s−1. All potential values reported in
this study are referenced to the potential of the Fc/Fc+ couple.
■ RESULTS AND DISCUSSION
Preparation and Characterization of [Fe-Fe]-Si Films.
The aim of the present study is the assembly of [Fe-Fe]-
hydrogenase active-site complexes ([Fe-Fe]) on a micro-
patterned OTS-Si substrate ([Fe-Fe]-Si) to form a microscale
catalytic system. The outline of the performed preparation
sequence is schematically illustrated in Scheme 1.
First, the micropatterns were prepared utilizing electro-
oxidative lithography, which has been previously reported.19
Brieﬂy summarized, electro-oxidative lithography is a tip or
stamp based approach that allows the structuring of OTS
monolayers with chemically active functional groups. A negative
bias voltage is applied between the conductive stamp and the
substrate, resulting in the local oxidation of the OTS
monolayers. Thereby, the water meniscus, formed by the
water layer on the stamp and the monolayer-coated substrate,
creates an electrochemical cell. By applying the voltage to this
cell, a water mediated electrochemical oxidation of the
monolayer takes place and polar functional groups, presumably,
carboxylic acids, are formed. The width of the generated
patterns depends on the dimension of stamp and the patterning
conditions, including the applied voltage, the pulse duration,
and the relative humidity, which deﬁnes the size of the formed
water meniscus. In this study, a TEM copper grid with a
diameter of 3.05 mm consisting of parallel line features was
utilized as a stamp. The successful pattern formation can be
Scheme 1. Schematic Representation of Electro-Oxidative Lithography Based on a TEM Grid and Assembly of [Fe-Fe]-
Hydrogenase Active Site Model Complexes
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easily evaluated by applying water vapor onto the structured
OTS monolayer (Figure 1a).
The water vapor preferentially condenses on the grid
structures due to the hydrophilic properties of the −COOH
functions (corresponding to the dark regions in Figure 1a),
whereas the nonoxidized OTS monolayer retains its hydro-
phobicity. Additionally, this eﬀect can be visualized by friction
force AFM studies. Figure 1b shows a friction force image of a
line of the oxidized TEM grid pattern. It is clearly seen that the
line feature appears with a dark contrast. If the scan direction is
reversed, also the contrast of the line changes (Figure 1c). This
observation reﬂects the large spot-to-spot force variations
associated with the diﬀerent hydration and adhesion properties
of the −CH3 and −COOH regions.
20 The reversed friction
contrast is regarded as a strong indication for a change of the
surface properties and can be seen as a hint that only negligible
topographic alterations occur during the oxidation process.
These microstructured substrates were utilized to selectively
bind [Fe-Fe]-hydrogenase active-site complexes via ester
formation. Therefore, the micropatterns were activated with
DCC/DMAP. Figure 2a,b depicts tapping mode AFM images
of the micropattern after incubation and immobilization of the
[Fe-Fe]-hydrogenase active-site molecules. It can be seen that
the molecules selectively attach to the lithographic line pattern
and a large number of small particles is attached on the
patterned area (Figure 2b). Despite a careful rinsing of the
substrates after functionalization it is observed that also larger
aggregates are formed on the patterns (Figure 2a).
The chemical composition of the bound molecules cannot be
determined by means of AFM investigations. Therefore,
additional Auger electron spectroscopy (AES) investigations
were conducted. By utilization of a microscope, the positions of
the micropatterns on the substrate were located and it was
possible to perform accurate measurements in the line area as
well as in the nonpatterned areas. As shown in Figure 3a, the
signal intensities of Fe and S are much higher in the line area
than in the space area, which is an additional evidence of the
binding of [Fe-Fe]-hydrogenase active site complexes in the
micropatterned areas. Figure 3b depicts a line scan measured
across of an individual line feature focusing on the Fe and S
signals. In the nonfunctionalized space area (from 0 to 40 μm),
only low signal intensities were obtained for both Fe and S,
Figure 1. (a) Optical micrograph of a water condensation TEM grid pattern on OTS-Si. (b,c) Friction force contact mode AFM images of a stripe of
the printed TEM grid pattern. The scanning directions are set from left to right (b) and from right to left (c).
Figure 2. (a) Low- and (b) high-magniﬁcation tapping mode AFM images of [Fe-Fe]-hydrogenase active-site model complexes generated on the
chemically active TEM grid pattern.
Figure 3. (a) AES spectra acquired in a stripe area (black line) and the space between two stripes (red line) on a micropattern of [Fe-Fe]-Si. (b)
Auger signal intensities of Fe and S at diﬀerent positions of the micropattern obtained by a line scan.
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whereas a gradual increase in both signals is observed in the
region from 40 to ∼70 μm of the scanning position. The signal
intensities of Fe and S decrease after the electron beam reached
a scanner position of 90 μm, coinciding with the return of the
electron beam to the nonpatterned area. Despite the limited
resolution provided by this method, a clear evidence of the
presence of the [Fe-Fe]-hydrogenase active-site complexes on
the patterned template is provided.
Further insight into the binding of the [Fe-Fe]-hydrogenase
active site model complexes to the micropatterns is provided by
FT-IR analysis. Because of the fact that the sensitivity for the
investigation of monolayers and submonolayers of molecules by
FT-IR is low, investigations on the patterned substrates were
performed in the rime region of the pattern (Figure 1a). Figure
4 depicts the results obtained from investigations performed on
the patterned substrates, which are compared with a control
measurement performed on the pure complex. Therefore, the
complex was dissolved and deposited on a silicon wafer, and the
solvent was allowed to dry.
There is a good agreement with the absorption found for the
[Fe-Fe]-hydrogenase active-site complex and the spectra
obtained on the pattern. In both cases strong CO absorption
are observed as well as the characteristic absorption at 1050 to
1100 cm−1, which were found in the pure complex. The
absorption at 1100 cm−1 in the spectrum of the patterned area
is overlaid with the characteristic Si−O−C asymmetric
stretching vibration of the OTS molecules bound to the silicon
wafer. The binding of the [Fe-Fe]-hydrogenase active site
molecules is reﬂected by the appearance of a small absorption
at 1760 cm−1, which can be assigned to the ester formation
between the carboxylic groups of the pattern and the OH
groups of the complexes. Because of the small absorption
intensities a further investigation of the binding conﬁguration,
however, is diﬃcult. Additionally, it is observed that sharp
absorption originating from the CH stretching vibrations arise
in the spectrum obtained on the patterned substrate. These
belong to the well-ordered functionalized OTS monolayer (and
the monolayer on the backside of the silicon wafer) and
indicate that the binding process did not inﬂuence the quality
of the monolayer. Moreover, an absorption that can be assigned
to the carboxylic acid is observed at 1790 cm−1, indicating, that
the [Fe-Fe]-hydrogenase active-site complexes do not form a
dense coverage on the patterned area. This is conceivable if the
bulky structure of the [Fe-Fe]-complex is taken into account.
Because of steric hindrances it is unlikely that every carboxylic
acid functionality, available in the patterned monolayer, will
bind to a complex molecule. This is in agreement with the AFM
images, which conﬁrmed a noncomplete, granular functional-
ization of the patterned areas with complex molecules.
Electrochemical Characterization. Finally, the catalytic
activity of the [Fe-Fe]-hydrogenase active-site complex
molecules on the micropatterns was investigated by cyclic
voltammetry (CV) performed in CH3CN solution. As shown in
Figure 5a, there are no obvious redox peaks for the
micropatterned OTS-Si before the functionalization with the
[Fe-Fe]-hydrogenase active-site complexes; however, in the
case of [Fe-Fe]-Si, the cyclic voltammetry curve displays one
oxidation and two reduction processes. The irreversible anodic
wave in the absence of acid appears at +0.41 V versus Fc/Fc
+.
This wave marks the oxidation of FeIFeI to FeIIFeII. The
observed values diﬀer slightly from reference curves of the free
complex (+0.67 V),22 which is reasonable as in the present case
an immobilized molecule attached to a surface is investigated.
The CV of [Fe-Fe]-Si displays a quasi-reversible and an
irreversible reduction events at −1.51 and −2.45 V,
respectively. In comparison, the reduction of the [Fe-Fe]-
hydrogenase active site complex in the solution phase showed
the ability to uptake two electrons at the same potential of
−1.53 V (scan rate = 0.2 V/s) due to the phenomenon of
potential inversion of the two one-electron reduction steps.22 In
Figure 4. FT-IR investigations on a patterned substrate (top) and on
the complex (bottom). Spectra intensities are presented in arbitrary
units and are not drawn to scale. Both spectra show essential
characteristics of the [Fe-Fe]-hydrogenase active site model complexes
as well as they reveal characteristic peaks of the monolayer.
Figure 5. (a) CV results of micropatterned OTS-Si without [Fe-Fe]-hydrogenase active site complexes (solid line) and [Fe-Fe]-Si (dashed line). (b)
CV results of a [Fe-Fe]-Si at various concentrations of AcOH.
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addition, the cyclic voltammogram of this complex in the
solution phase displayed another small reduction event at
−1.97 V (scan rate = 0.2 V/s), which was attributed to the
reduction of products of follow-up reactions such as loss of CO
from the dianionic species of the complex.22 In a similar
manner, the ﬁrst cathodic event observed at −1.51 V for the
[Fe-Fe]-Si complex could arise from the two-electron reduction
process, whereas the second reduction event (−2.45 V) is due
to decomposition products. Indeed, the reversibility of the ﬁrst
reduction wave of the complex in the solution phase is higher
than in the case of the [Fe-Fe]-Si complex.22 Moreover, the
addition of acetic acid induced an increase in the current of the
cathodic waves and the current intensity increased with
increasing concentration of the acid (Figure 5b). These results
are in agreement with the CV results of [Fe-Fe]-hydrogenase
active-site complex molecules in solution, which can prove that
an electrocatalytic proton reduction occurred in the CH3CN
solution (catalytic proton reduction wave at −1.8 V);22,23
however, the increase in the current intensity stopped after the
concentration of the acid reached 0.6 mM, most probably due
to a limited number of [Fe-Fe]-hydrogenase active site complex
molecules grafted onto the micropatterns. On the basis of the
CV curves of [Fe-Fe]-Si, the coverage of immobilized [Fe-Fe]-
hydrogenase active-site complex molecules can be approxi-
mated and the value is on the order of 0.002 mg cm−2.
According to the CV results, we conclude that the Fe−S active
sites of the [Fe-Fe]-hydrogenase active-site complex molecules
are still active after binding to the OTS-Si substrate.
■ CONCLUSIONS
In this study, we demonstrated the successful functionalization
of microstructured chemically active surface templates by the
assembly of [Fe-Fe]-hydrogenase active-site model complexes.
Carboxyl groups generated by electro-oxidative lithography
with a conductive TEM grid were used to bind the [Fe-Fe]-
hydrogenase active site complex molecules by ester bond
formation. The [Fe-Fe]-hydrogenase active site complex
molecules were selectively immobilized on the lithographic
line areas with good, but not complete, coverage. One oxidation
and two reduction peaks were observed in the CV curves,
which are corresponding to the diﬀerent redox processes of the
diiron complex. Moreover, by the addition of acetic acid, the
current of the cathodic waves increased, which is caused by the
electrocatalytic proton reduction in the solution. These CV
results indicate that the biomimetic metal centers of [Fe-Fe]-
hydrogenase active-site complex molecules still keep their
catalytic activity and redox behavior after the immobilization
processes. We suggest that this postattachment approach of
micropatterned Si substrates with [Fe-Fe]-hydrogenase active
site complexes could be extended to other catalytic model
molecules to form microscale catalytic systems and hence oﬀers
promising prospects for the preparation of, for example, micro
H2 fuel cells and biohybrid surfaces.
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Abstract: The availability of high-performance substrates
for surface enhanced Raman spectroscopy (SERS) in a re-
producible fashion is of tremendous importance for trans-
ferring the technology into a routine analysis tool. We de-
scribe the fabrication of highly efficient SERS substrates fa-
cilitating enhancement factors as high as ~5106 by com-
bining self-assembly strategies with electro-oxidative
nanolithography, which allows the fabrication of cluster
arrays consisting of individual gold nanoparticles at ambi-
ent conditions and at low costs. Different aspects on the
fabrication process, that is, the optimization of the cluster
distances, the contribution of intra- and interparticle plas-
mon coupling, as well as the determination of the signal
enhancement and substrate reproducibility, are discussed.
Surface-enhanced Raman scattering (SERS) has attracted in-
creasing attention due to its remarkable enhancement and ex-
cellent selectivity for investigating specific vibrational transi-
tions of various analytes, providing a chemical fingerprint to
identify and detect a large variety of chemical substances. In
the 1970s the SERS effect was first observed by the detection
of trace amounts of pyridine adsorbed onto roughened silver
electrodes.[1] Since then, the SERS technique has been success-
fully utilized in various fields of research, e.g. , for the trace de-
tection of chemical and biological molecules[2] and for applica-
tions outside the laboratory environment, e.g. , for the effective
detection of food additives and explosives.[3] In general, there
are two primary mechanisms for the SERS enhancement.[4] One
is the chemical enhancement effect, which applies only for
species that have formed chemical interactions with the sur-
face. The other is the electromagnetic field enhancement
effect, which is dominant in most SERS applications. The elec-
tromagnetic field effect arises from the coupling of surface
plasmons at nanoscale junctions of noble metal nanoparticles
(so-called hot spots).[5] Thus, the surface structure of the uti-
lized substrate represents a critical aspect for the generation of
the electromagnetic field enhancement. The substrates should
support the propagation of the surface plasmon coupling, re-
sulting in a strong enhancement of the Raman signals. Normal-
ly, there are two kinds of SERS substrates: random and engi-
neered substrates.[6] For random substrates, such as fractal
nanoparticle aggregates, localized dipole modes can be in-
duced, which lead to the enhancement of the SERS signals.
However, the reproducibility of the enhancement is difficult to
control because of the random distribution of the nanoparti-
cles.[7] In the case of engineered substrates, high SERS en-
hancements and a good reproducibility can be obtained at the
same time, due to the high precision of the customized fabri-
cation of the periodical structures at spatially defined loca-
tions.[8] Among other techniques, focused-ion-beam[9] and elec-
tron-beam[10] lithography are the most frequently used meth-
ods for the preparation of engineered SERS substrates. The
main limitations for these approaches are their relatively high
cost and the time-consuming fabrication of the devices. Block
copolymers represent another alternative for the fabrication of
SERS substrates, which can easily form periodic and high-den-
sity features to guide, e.g. , nanoparticle cluster formation. For
instance, Wang et al. demonstrated the fabrication of dense
arrays of mushroom-shaped gold nanopillars with a periodicity
of 50 nm by utilization of poly(styrene-b-2-vinylpyridine) (PS-b-
P2VP) templates.[11] Osinkina and co-workers reported a two-
step approach for the fabrication of gold nanostar arrays, ap-
plied as SERS substrates, by a combination of block copolymer
micelle lithography and electroless deposition.[12] Nevertheless,
there are also limitations for the utilization of the block copoly-
mer template-based methods. For example, the removal of the
polymer templates could result in the partial destruction of the
periodic structures. In addition, to obtain structures with differ-
ent shape and separation, copolymers with different block
lengths and block ratios are required and have to be synthe-
sized.[13] In general these examples highlight the two concep-
tually different approaches to obtain SERS active substrates :
top-down approaches, which allow a good control of the ob-
tained structures, and bottom-up strategies, which utilize self-
assembly steps. Both approaches feature advantages and dis-
advantages and their utilization strongly depends on the focus
of the research. While expensive and complex nanofabrication
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schemes are well suited to gain a deeper understanding of the
SERS effect (e.g. , by investigating the properties of well-de-
fined SERS building blocks, that is, dimer- and multimer struc-
tures), self-assembly strategies promise advantages in terms of
fabrication speed and cost effectiveness on the expense of
working with less-well-defined structures. Here, we report the
development of a new method for the fabrication of SERS sub-
strates by electro-oxidative lithography, clearly aiming for the
second approach of integrating self-assembly schemes into the
fabrication process. As such, the fabricated structures are seen
as individual nanoparticle clusters, which might differ in their
respective SERS properties. Nevertheless, it is possible to fabri-
cate such SERS active substrates with a high reproducibility
and they allow study of cooperative effects between the indi-
vidual particles as well as between different clusters. By fabri-
cating a larger number of them the standard deviation for
a whole pattern can be minimized. This lithographic method
represents a cost-effective technique and can be applied
under ambient processing conditions. In the present work, n-
octadecyltrichlorosilane (OTS) monolayers were used as sup-
port that can be chemically structured by means of electro-oxi-
dative lithography, thus, providing localized binding sites to
immobilize nanoparticles. The local oxidation of the OTS mon-
olayers with a conductive AFM tip represents a promising
method for the fabrication of structures with chemical func-
tionalities at the nanometer scale.[14] After the lithographic pro-
cess, Au nanoparticles can be self-assembled on the patterned
areas to form cluster arrays. Patterns with different gap distan-
ces varying from 30 to 400 nm between two neighboring Au
clusters were tested regarding their SERS activities. In particu-
lar, the substrate with the highest density array of Au clusters
revealed very high SERS intensities with an enhancement
factor (EF) of ~5106 and a good reproducibility of the signal.
Au nanoparticle cluster arrays were fabricated utilizing the
steps illustrated in Figure 1. In the first step, a dot array pattern
was created by the electro-oxidative lithographic process using
the vector mode, implemented into the AFM software. Electro-
oxidative lithography is a tip- or stamp-based approach that
enables the structuring of an OTS monolayer with chemically
active functional groups.[15] For this purpose, a negative bias
voltage was applied between a conductive, Pt-coated AFM tip
and the OTS-Si substrate, resulting in the local oxidation of the
surface. The size of the generated dot patterns depends on
the tip dimension and the patterning conditions, including the
applied voltage, pulse duration and relative humidity. During
the lithographic process an electro-chemical oxidation reaction
occurs in the formed water meniscus between the AFM tip
and the substrate, i.e. , the CH3 groups of OTS are converted
into polar functional COOH groups, in the region of the tip
contact.[16] The friction force in the electro-oxidized, hydrophilic
regions is much stronger than that in the unmodified, hydro-
phobic OTS monolayer areas. Therefore, the lithographic pat-
terns can be directly observed by contact mode friction force
AFM investigations.
Figure 2a displays a friction force image of a dot array pat-
tern and the scan direction was set from left to right. If the
AFM tip is scanned from the opposite direction, a picture with
inverse contrast is obtained (Figure 2b).
This reversible friction strongly indicates that an obvious
change of the surface properties, i.e. , a switch between hydro-
phobic and hydrophilic, was induced. This change reflects the
large spot-to-spot force variations associated with the different
hydration and adhesion properties of theCH3 and the formed
COOH groups.[17] After the lithographic process, the nano-
structured substrate was immersed into the APTMS solution
and an additional layer of APTMS molecules was site-selectively
self-assembled on the patterned areas and the substrates were
carefully rinsed with toluene to remove non-specifically ad-
sorbed APTMS molecules.[18] Finally, Au nanoparticles, which
were stabilized by sodium citrate, were bound on the positive-
ly charged dot sites of the substrate based on an electrostati-
cally guided self-assembly process.
Figure 3a–g shows SEM images of Au nanoparticle cluster
arrays with different gap distances. Two dimensional nanopar-
ticle clusters consisting of several individually immobilized Au
nanoparticles were spatially confined by the dot templates.
The gap distances between two clusters could be changed
from 30 to 400 nm by the electro-oxidative lithography pro-
cess. It is difficult to decrease the gap distance significantly
below 30 nm, because at very small distances individual clus-
Figure 1. Schematic representation of the fabrication of the Au nanoparticle
cluster array substrates. (a) Tip-mediated electrochemical oxidation of a self-
assembled OTS monolayer on silicon. (b) Site-selective self-assembly of an
APTMS monolayer on the structured areas. (c) Site-selective binding of nega-
tively charged Au nanoparticles exclusively on the patterned areas to form
nanoparticle clusters. (d) Patterns of clusters with different lattice spacing of
the clusters. The chemical modifications are highlighted by the insets.
Figure 2. Friction force contact mode AFM images of a dot array pattern.
The scanning directions are set from left to right (a) and from right to
left (b). The scale bar in each image is 500 nm.
ChemNanoMat 2016, 00, 0 – 0 www.chemnanomat.org  2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim2&&
 These are not the final page numbers!
Communication
ters tend to fuse and link together, which can be seen, e.g. , in
Figure 3a (upper right corner). For all clusters a good coverage
of the dot area with nanoparticles was observed. Each cluster
consists of approximately 20 to 30 individual nanoparticles. As
shown in the TEM image (Figure 3 i), the diameter of the indi-
vidual Au nanoparticles is in the range of 10 to 15 nm and for
each cluster the distance between individual Au nanoparticles
within the cluster is less than 5 nm (Figure 3 h). These small
distances are beneficial for the plasmon coupling, which is re-
quired for obtaining high signal intensities in the SERS meas-
urements.[9,10] The small distances of the individual Au nano-
particles within the cluster are a direct result of the differences
in the wetting behavior of the patterned areas and the sur-
rounding OTS monolayer. While the water contact angle on
the OTS substrate is >1108 the APTMS functionalized oxidized
areas in the spot regions are rendered more hydrophilic. This
allows for the preferential deposition of nanoparticles in these
areas since dewetting effects result in a higher particle concen-
tration and thus a more dense packing of the nanoparticles on
the patterned areas. In order to test the reproducibility of the
SERS signals, nine individual nanoparticle array patterns were
fabricated for each gap distance (example shown in Figure S1
in the Supporting Information).
For the SERS measurements, benzenethiol (BT) was used as
a test molecule due to its efficient assembly on the Au nano-
particle cluster surface by the formation of AuS bonds.[19]
After application of the BT solution and incubation the sub-
strates were thoroughly rinsed with plenty of water to remove
non-specifically absorbed BT molecules.
Figure 4a shows the SERS spectra of BT on Au nanoparticle
cluster arrays with different lateral distances of the clusters.
The most intense peak at 1565 cm1 was chosen for compari-
son of the different substrates and to calculate the SERS en-
hancement factors (EF) (details are provided in the Supporting
Information). It is worth noting that the numbers of clusters
for the patterns with gap distances of 30 and 50 nm are lower
than others, which means that less BT molecules in the focal
region areas for these two patterns were adsorbed. Moreover,
since the size of the laser spot is about 2.5 mm, for the patterns
with gap distances of 300 and 400 nm, the laser only covered
a part of the patterned areas. For the ease of calculation, we
assume that the BT molecules are uniformly assembled on the
Au nanoparticles in a monolayer-like fashion.[20] The SERS sig-
nals strongly increase with decreasing distance between the
Au nanoparticle clusters.
As shown in Figure 4b, at very short gap distances between
the Au clusters (30 nm), the enhancement factor reaches
values as high as ~5106. As the gap distance increases, the
EF values decrease significantly and reach a constant level at
a gap distance of ~200 nm. The obtained high EF values are
attributed to the fact that, firstly, for each individual cluster,
the distance between the Au nanoparticles is less than 5 nm
within each cluster spot, which will cause a strong enhance-
ment of the incident electromagnetic field by interparticle
plasmon coupling. Secondly, this enhanced electromagnetic
field can be further increased by coupling between the individ-
ual cluster, i.e. , by intercluster plasmon coupling.[6a,21] In the
present study, the intercluster plasmon coupling becomes very
weak when the distance between the clusters is larger than
200 nm, which causes a relatively low and constant EF value
that is dominated by the interparticle plasmon coupling.
In addition to the EF increase, another important SERS per-
formance parameter is the reproducibility of the EF. The EF re-
producibility was tested by analyzing the standard deviation of
the EF values measured from nine cluster arrays with the same
gap distance prepared on one substrate.
As shown in Figure 5, the SERS substrate (gap distance:
30 nm) displays a good reproducibility and the standard devia-
tion value of the mean EF value is 4.8%. For comparison,
a non-patterned substrate of the Au nanoparticles was investi-
gated as well, revealing only a relatively low EF (~6.2104),
since the distance between individual nanoparticles is usually
larger than 10 nm which decreases the interparticle coupling.
Moreover, some particle aggregates are formed (Figure S2) and
these aggregates are much smaller compared to the cluster
structures on the SERS substrate. Thus, it can be concluded
Figure 3. SEM images of Au nanoparticle cluster arrays prepared with differ-
ent gap distances: (a) 30 nm, (b) 50 nm, (c) 100 nm, (d) 150 nm, (e) 200 nm,
(f) 300 nm and (g) 400 nm. (h) A SEM image of an individual cluster. (i) HR-
TEM image of Au nanoparticles.
Figure 4. (a) SERS spectra of benzenethiol (BT) and (b) the calculated en-
hancement factors (EF) measured on Au nanoparticle cluster array substrates
with different gap distances.
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that these particle aggregates are not suitable to induce
a strong electromagnetic field coupling for the SERS enhance-
ment. Additionally, the standard deviation value of the mean
EF value for the non-patterned substrate is much larger
(31.8%), which is caused by the random distribution of the Au
nanoparticles.
Au nanoparticle cluster arrays were fabricated by combining
a fast and cost-efficient top-down electro-oxidative lithography
approach with bottom-up self-assembly procedures. The inter-
cluster separations can be systematically controlled from
30 nm to>400 nm. A significant electromagnetic field en-
hancement was obtained by both interparticle and intercluster
plasmon coupling of Au nanoparticles, which resulted in
strong SERS signals. In particular, high-performance SERS sub-
strates were obtained with an interparticle separation of less
than 5 nm within the cluster and an intercluster separation
down to 30 nm in between the individual cluster spots and an
EF value as high as ~5106 was achieved. In addition, we
found that a gap distance between two clusters of more than
200 nm did not result in an increase of the EF and the values
remained constant even for larger cluster separations. This is
due to the fact that the intercluster coupling is too weak.
Moreover, a good reproducibility of the EF was achieved for
the fabricated samples, resulting from the regular periodic
structures. This approach combined electro-oxidative lithogra-
phy and self-assembly procedures to fabricate highly sensitive
SERS substrates with improved reproducibility. It can be point-
ed out that the reported method to combine electro-oxidative
lithography and self-assembly of functional materials can be
used in a large variety of other applications to hierarchically
structure nanomaterials. These include, among others, the uti-
lization of molecules, nanoparticles, or nano-objects, offering
attractive possibilities to fabricate functional nano-devices.
Experimental Section
Materials : Bicyclohexane (BCH), toluene, n-octadecyltrichlorosilane
(OTS), (3-aminopropyl)-trimethoxysilane (APTMS), sodium citrate di-
hydrate, and benzenethiol (BT) were obtained from Sigma Aldrich.
Hydrogen tetrachloroaurate(III) trihydrate (HAuCl43H2O) was pur-
chased from Alfa Aesar. BCH was distilled over sodium before use.
All other reagents were used without further purification. Double
side polished p-type silicon wafers (100) were obtained from Sie-
gert Wafer (resistivity: 10 to 20Wcm).
Electro-oxidative lithography : Si substrates were treated with Ar
plasma for 2 min before use. OTS monolayers were prepared by
immersing a cleaned Si substrate in a solution of OTS (10 mL) in
BCH (2 mL) for 1 min, followed by sonication in toluene and blow
drying with N2 (OTS-Si). Subsequently, the nanolithographic process
was performed using an AFM (NT-MDT, NTegra Aura) placed in
a home-built humidity chamber. Oxidation experiments were car-
ried out at room temperature and at controlled humidity (RH)
using a Pt coated AFM tip (m-Masch, NCS36 Ti-Pt). Lithographic pat-
terns were fabricated in contact mode.
Fabrication of Au nanoparticle cluster arrays : Au nanoparticles
were prepared as follows:[22] 200 mL of a HAuCl43H2O (1 mm) so-
lution was heated to 100 8C while stirring at 700 rpm. 1 mL of
a sodium citrate solution (0.78m) was added to the refluxing solu-
tion immediately. The color of the solution turned red after approx-
imately 30 s. Heating was continued for 30 min, afterwards the so-
lution was cooled down and stored in the dark at 4 8C. For the re-
moval of the free sodium citrate, 2 mL of the Au nanoparticles so-
lution was centrifuged (5000 rpm, 90 min) and the supernatant
was exchanged by 0.9 mL of fresh water. The unmodified Si sub-
strate (non-patterned substrate) and the Si substrate with litho-
graphic patterns (SERS substrate) were first immersed in a solution
of APTMS (10 mL) in BCH (2 mL) for 30 min, followed by sonication
in toluene and blow drying in N2. Afterwards, these substrates
were immersed in the centrifuged Au nanoparticle solutions for
3 h, followed by rinsing with plenty of distilled water. Lateral force
atomic force microscopy (AFM, NT-MDT, NTegra Aura) was per-
formed using commercial AFM tips (m-Masch NCS35/AIBS) in con-
tact mode. Scanning electron microscopy imaging was conducted
with a Zeiss LEO 1530 Gemini, utilizing the Inlense detector. All
samples were coated with a thin layer of carbon prior to SEM
imaging. TEM measurements were performed on a FEI Tech-
nai G220.
SERS measurements : SERS measurements were performed on an
inverted microscope with a 100 objective (NA=0.9, Olympus),
utilizing 632.8 nm laser excitation with a laser spot size of ~2.5 mm.
A notch filter was placed in front of the entrance of the spectrome-
ter (SP2750i, Princeton Instruments). Benzene thiol (BT) was utilized
as a test molecule for SERS investigations and the substrates were
immersed into the ethanol solution of BT (1106m) for 30 min
before each measurement. Substrates were subsequently carefully
cleaned by excessive washing steps to remove non-specifically ad-
sorbed molecules. Raman spectra were recorded using a CCD de-
tector (PIXIS400, Princeton Instruments) with an acquisition time of
10 s.
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Figure 5. (a) SERS spectra and (b) corresponding enhancement factors (EF)
of the SERS substrate (gap distance: 30 nm) and the non-patterned Au
nanoparticle substrate. The error bars indicate the standard deviation as per-
centage of the mean EF value from nine independent measurements on
nine similarly structured areas.
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Gold Nanoparticle Cluster Arrays for
High-Performance SERS Substrates
Fabricated by Electro-oxidative
Lithography
A high-performance SERS substrate
was fabricated by combining electro-ox-
idative lithography and self-assembly
procedures. High SERS enhancement
factors of 5106 with good reproduci-
bility were achieved by the interparticle
and the intercluster plasmon coupling
of the Au nanoparticle cluster arrays.
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Figure S1. A SEM image of a SERS substrate with nine cluster arrays patterns (gap distance: 
150 nm). In this study similar arrays were fabricated for all intercluster spacings to investigate 
the reproducibility of the fabrication process. 
 
Figure S2. A SEM image of a non-patterned Au nanoparticle substrate. 
 
Calculations of SERS enhancement factors (EF) 
The SERS enhancement factor (EF) is calculated as EF = (Isubstrate/Ireference) × (Nreference/Nsubstrate), 
where Isubstrate and Ireference are the SERS intensities of the peak at 1565 cm-1 from the SERS 
substrate and the liquid neat benzenethiol (BT), respectively. Nreference and Nsubstrate are the 
numbers of BT molecules in the focal region of illumination and on the SERS substrate within 
the laser spot, respectively. Nreference is calculated assuming an confocal depth of ~20 μm, a laser 
spot size of ~2.5 μm, and a density of 1.073 g/cm3 for BT. Nsubstrate is estimated by multiplying 
the active areas of Au nanoparticles within the laser spot by the packing density of BT molecules 
(4.2 × 1014 molecules/cm2).1  
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 1.  Introduction 
 Polypyrrole (PPy) is a representative of conducting polymers 
and has attracted considerable attention since it was discov-
ered by Shirakawa, MacDiarmid, and Heeger in 1976. [ 1–3 ] It 
has unique metal−insulator transitions induced by doping−
dedoping processes, while retaining the mechanical proper-
ties and processibility of polymers. Many different functional 
devices have been developed utilizing polypyrrole including, 
up to now, organic light-emitting diodes, [ 4 ] fi eld-effect transis-
tors, [ 5,6 ] batteries, [ 7 ] and sensors. [ 8 ] In analogy with other con-
ducting polymers, the volume of polypyrrole can be controlled 
by applying a bias voltage. [ 9,10 ] The expansion and contraction 
are thought to be induced primarily by the insertion and expul-
sion of ions and their associated solvation shells during the 
oxidation and reduction processes. The electrochemical redox 
reactions can be expressed by Equations  ( 1) and  ( 2) 
 ↔− −P (A ) + C + e P (AC)+ + o  (1) 
 ↔− − −P (A ) + C + e P + A + C+ + o +  (2) 
 In these equations, P + and P o are refering to the doped 
(oxidized) and undoped (reduced) states of PPy, respectively. P + (A − ) 
represents the anion A − incorporated in the 
PPy as a dopant. If the dopant is a large 
mobile anion, the cation C + will be incorpo-
rated into the PPy matrix to maintain charge 
neutrality during the reduction process. 
That effectively means that the polymer will 
expand, which is described by Equation  ( 1) . 
Conversely, as shown in Equation  ( 2) , if the 
PPy is doped with a small anion the anions 
will leave the polymer matrix after the 
reduction and, thus, the polymer will con-
tract. In addition, both Equations  ( 1) and  ( 2) 
describe reversible reactions. 
 Up to now, the reversible volume change of PPy is mainly 
used in the fi eld of actuation, such as, artifi cial muscles, 
implants, and robotic parts, [ 11–13 ] which are mostly addressing 
device dimensions in the macro or microscale. Few studies 
have been focused on utilizing this reversible expansion at the 
nanoscale. For instance, Lee et al. demonstrated the actuation 
behavior of individual polypyrrole nanowires with a diameter 
below 100 nm, which were embedded in polycarbonate mem-
branes. [ 14 ] Jeon et al. reported the fabrication of electrically 
responsive nanoporous membranes by electropolymerization of 
PPy doped with sodium dodecylbenzenesulfonate (NaDBS) on 
the upper part of an anodized aluminum oxide membrane. [ 15 ] 
During the last decades, many efforts have been devoted to 
developing fast, nonvolatile, and inexpensive techniques for 
data storage. [ 16 ] Conducting polymers, which are promising 
alternatives to conventional silicon materials, have been inten-
sively investigated as memory devices due to their mechanical 
fl exibility, good manufacturability, and their low cost. [ 17–19 ] In 
particular, by utilizing these materials at the nanoscale, high 
density memory devices can be potentially fabricated. Here, we 
propose a reversible nanopatterning method on PPy doped with 
NaDBS (PPy(DBS)) fi lms by the application of atomic force 
microscopy (AFM) initiated electrochemical lithography. [ 20 ] 
AFM lithography is a good approach for generating patterns 
at the nanometer scale which is used in the fi eld of patterning 
polymers. For example, Lyuksyutov et al. produced patterns on 
polymer fi lms utilizing an AFM tip by Joule heating which was 
induced by a nonuniform electric fi eld. [ 21 ] Nam et al. fabricated 
polypyrrole nanowires by electropolymerization of pyrrole mono-
mers with an AFM tip on gold surfaces. [ 22 ] In the present work, 
a voltage, which is applied between a conductive AFM tip and 
the substrate, induces the reversible local electrochemical redox 
reaction of the PPy(DBS) and the generation of nanopatterns 
with a resolution limit down to ≈80 nm is possible. These 
patterns can be erased completely by applying the opposite 
voltage. Additionally, the write−erase process can be repeated 
 Reversible Nanopatterning on Polypyrrole Films by Atomic 
Force Microscope Electrochemical Lithography 
 He  Liu ,  Stephanie  Hoeppener , *  and  Ulrich S.  Schubert 
 A reversible, erasable, and rewritable pattern at the nanoscale is inscribed on 
polypyrrole fi lms doped with sodium dodecylbenzenesulfonate (PPy(DBS)) 
utilizing atomic force microscopy based electrochemical lithography. 
Nanopatterns are formed by applying a bias voltage between a conductive 
tip and the substrate. Afterward, the generated nanopatterns can be erased 
completely, followed by rewriting at the same location of the polymer fi lm. 
Moreover, the alterations of PPy(DBS) during the lithography process are 
investigated by comparing the changes of the current intensity and surface 
potential depending on the lithography time. 
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on the same position of the PPy(DBS) fi lm. With this approach 
reversible volume change and resistance switching effects can 
be obtained at the same time on the PPy(DBS) fi lm. This pat-
terning method could open up further possibilities for the fab-
rication of memory devices at the nanoscale by utilizing PPy. 
 2.  Results and Discussion 
 An essential factor of the AFM lithography process is the avail-
ability of smooth substrates of PPy(DBS). In this study, the 
time of the electropolymerization was set to 1 min. Under 
this condition, a smooth surface ( Figure  1 a) was obtained with 
a root mean square roughness of ≈1.5 nm, as measured by 
AFM tapping mode investigations (Figure  1 c). The thickness 
of the PPy(DBS) fi lm generated on the Au substrate is in this 
case about 60 nm (Figure  1 b). As shown in Figure  1 c, some 
small protrusions appeared on the PPy(DBS) surface, which 
increased in size at longer deposition times. [ 23 ] As mentioned 
before, large anions such as dodecylbenzenesulfonate (DBS) 
are incorporated within the PPy matrix during the electropo-
lymerization process and the anions will be trapped when the 
polymer is reduced. The Na + cations and their associated solva-
tion shells will move to the polymer matrix to compensate for 
charges, resulting in an expansion of the volume and, thus, a 
swelling of the PPy occurs. For the AFM electrochemical lithog-
raphy process, water vapor is adsorbed to the tip and the sur-
face and forms a water bridge between the tip and the substrate, 
which provides a medium for the electrochemical reactions. In 
the reported experiments, a negative bias voltage (−5 V) was 
applied to the Au layer and a conductive AFM tip was scanned 
along a defi ned pathway (e.g., a circle) while keeping the con-
tact force constant ( Scheme  1 ). After the lithography process, 
AFM tapping mode imaging of the resulting structures was 
performed with the same tip.  Figure  2 a shows that a circle grew 
at the locations where the tip was scanned with the applied bias 
voltage. This process also alters the electrical properties of the 
substrate. The current intensity was measured between the tip 
and each point of the surface and a current intensity map was 
obtained (Figure  2 b). The current intensity in the lithographic 
area (≈6 nA) was lower compared with the other areas (≈11 nA), 
which indicates that reduced, less conducting PPy(DBS) was 
formed during the AFM lithography process. For the current 
intensity measurements, a relatively small bias voltage (1 V) 
was used to avoid inducing additional changes to the PPy(DBS) 
fi lms. The patterning of the PPy fi lms was performed at a 
moderate, constant force. Higher contact forces essentially 
had no signifi cant infl uence on the obtainable line width, but 
it was observed that the tip lifetime rapidly decreased, either 
due to the loss of the conductive coating or due to the fact that 
polymer material gradually contaminates the tip, rendering it 
nonconductive. On the other hand, if only very small contact 
forces were applied the formation of the required water bridge 
became unreliable and the patterning was incomplete. In gen-
eral, it has to be mentioned that the quality of the used AFM 
tip is important for the obtainable line-width as well as for the 
number of writing processes that can be performed. By opti-
mizing the applied force to the tip it was possible to achieve 
≈100 writing and erasing cycles without signifi cant degradation 
of the tip performance. 
 The effect of the applied patterning voltage was also investi-
gated. In general, lowering the patterning voltages requires the 
increase of the patterning times to obtain comparable results, 
however, below a voltage of <−3 V at a relative humidity of 50% 
no pattern formation was observed, even at very long contact 
times. The AFM software permits to apply different numbers 
of bias voltage pulses onto the same point on the patterns. 
This increases the duration of the overall voltage pulse in an 
intermitted fashion. No signifi cant differences between the 
continuous voltage application and the intermitted application 
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 Figure 1.  a) SEM and b) AFM topography images of the electrodeposited PPy(DBS) fi lms and cross section of the topography measured along the 
white line. c) Zoomed view of (b).
 Scheme 1.  Schematic illustration of the write−erase process on PPy(DBS) 
fi lms.
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of shorter pulses were observed. Repeated scanning of the 
AFM tip in the patterned area did not degrade or affect the 
topographic features. The pattern stability was tested after 
three weeks of inscription and no differences in the patterns 
were found. However, long term stability tests were not yet 
performed. 
 After demonstrating the successful electrochemical modi-
fi cation of the substrates their potential utilization as storage 
devices was tested. The ability of erasing the created struc-
tures is mandatory for this target. Figure  2 c displays that the 
circle, generated in the fi rst writing step, can be erased com-
pletely when the tip is scanned in the circle area with an oppo-
site voltage (5 V) by applying the same inscription time (5 ms). 
In addition, the lithographic pattern also disappeared in the 
current intensity image (Figure  2 d), which indicates that the 
reduced PPy(DBS) was oxidized again in 
the erasing process and returned to the con-
ducting state. For the rewriting ability, it is 
important to ensure that the lithography pro-
cess was performed in the same area where 
the structure was written at the fi rst time. 
For this reason, a dot mark was additionally 
placed as an identifi able label in the upper 
left corner of each image during the fi rst 
writing step (see arrows in Figure  2 ). Another 
circle was generated at the same location of 
the PPy(DBS) fi lm utilizing the same writing 
procedure. Afterwards, the structure could 
be erased again by applying the opposite 
voltage. Write−erase cycles performed at the 
same position could be successfully repeated 
for 17 times with no observable memory 
effect of the previous writing process. 
 Additionally, scanning Kelvin probe 
microscopy (SKPM) was used for analyzing 
the chameical changes induced by the 
AFM electrochemical lithography process. 
The surface potential is mainly infl uenced 
by the chemical changes of the surface. [ 24 ] 
 Figure  3 a shows a surface potential map of 
a PPy(DBS) fi lm after inscribing a circle. 
For the patterned area, the surface poten-
tial decreased from ≈70 to ≈40 mV. After-
wards, this value returned back to the 
original value after the erasing process 
(Figure  3 c). The reversible changes also 
indicate that the PPy(DBS) fi lm under-
went reduction and reoxidation processes 
which are corresponding to the writing 
and erasing processes, respectively. As 
reported in literature, in addition to the 
reversible expansion, irreversible expan-
sion may also occur in the redox reac-
tion of PPy(DBS), which is thought to be 
caused by the irreversible insertion of 
ions and the swelling by the solvent. [ 25 ] In 
order to obtain a deeper insight into the 
change of the PPy(DBS) during the revers-
ible structuring, lithography processes 
at different writing times were performed. As depicted in 
Figure  3 d,e, the surface potential decreased more strongly at 
longer writing times (8 ms) and the surface potential value 
decreased from ≈70 to ≈25 mV. After erasing, the poten-
tial of the pattern area did not recover completely, which 
is thought to be caused by the irreversible insertion of Na + 
ions (Figure  3 f). For this reason, the limitations of the write−
erase process were studied in detail.  Figure  4 summarizes 
the topography and current intensity images of the gener-
ated circles utilizing different lithography times. For the 
writing processes, the expansion of volume increased with 
the writing time. Thus, the height of circles increased from 
≈2 to ≈8 nm and the line width of the structures increased 
from ≈80 to ≈200 nm when the lithography times changed 
from 2 to 10 ms (Figure S1, Supporting Information). The 
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 Figure 2.  a)Topography and b) current intensity images of a circle written by conductive contact 
mode AFM on PPy(DBS) fi lms (writing time: 5 ms); c,d) after erasing the circle (erasing time: 
5 ms); e,f) rewriting a circle in the same area (writing time: 5 ms); g,h) after re-erasing the 
circle (erasing time: 5 ms). For orientation, a marker was inscribed in the upper-left corner of 
the images (indicated by an arrow). The size of each image is 1 µm × 1 µm.
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 Figure 3.  a,c) Surface potential images after writing and erasing a circle (writing time: 5 ms and erasing time: 5 ms). b) Cross section of the white line 
in (a). d,f) Surface potential images after writing and erasing a circle using longer times (writing time: 8 ms and erasing time: 8 ms). e) Cross section 
of the white line in (d). The size of each image is 1 µm × 1 µm.
current decrease of circles displayed a similar trend and 
changed from ≈2 to ≈9 mA (Figure S2, Supporting Informa-
tion). These results can be explained by the fact that more 
PPy(DBS) was reduced during the electrochemical reaction 
at longer lithography times. As a result, a stronger increment 
of the volume and a stronger decrement of the conductivity 
took place. However, as shown in Figure  4 , the circles can 
still be erased completely if the writing time is 2 ms or even 
5 ms. However, when the writing time increased to 8 ms, only 
a part of the pattern could be erased. With further increased 
writing time (10 ms), the inerasable parts became larger, 
even when utilizing longer erasing times. For instance, 
in the case of the pattern when utilizing a writing time of 
10 ms, the inerasable parts were nearly the same by applying 
an erasing time of 10 ms or even 15 ms. For a writing time of 
8 ms, the height increase and current decrease of the ineras-
able parts were found to be ≈2 nm and ≈1.5 mV, respectively 
(Figure S3a,c, Supporting Information). For a longer writing 
time (10 ms), these values increased to ≈3.25 nm and ≈5 mV 
(Figure S3b,d,e, Supporting Information), respectively. Thus, 
we suggest that the reversible write−erase process can be 
accomplished only at a short lithography time, while longer 
times will cause an irreversible expansion which occurs due 
to the fact that the reversible expansion of PPy(DBS) occurs 
quickly, while most irreversible expansion takes much 
longer to stabilize. [ 25 ] Additionally, it was found that short 
writing times are also benefi cial in terms of obtainable line 
and point resolution of the introduced method. 
 Also, repeated writing and erasing might result in the 
formation of irreversible structures. After 17 writing and 
erasing cycles the fi rst irreversible parts of the pattern started 
to appear. It was, moreover, observed that patterning volt-
ages <−9 V inevitably result in nonerasable features, which is 
attributed to an irreversible reaction of the PPy and/or exces-
sive Joule heating which might result in an irreversible mass 
transport. These points have to be addressed in subsequent 
studies, as SKPM, due to its surface sensitivity, does not pro-
vide a clear picture to unambiguously answer this question at 
this point. 
 3.  Conclusions 
 In summary, a reversible, erasable, and rewritable nanopattern 
with a routinely achieved resolution limit of ≈80 nm was fab-
ricated on the PPy(DBS) fi lms utilizing AFM electrochemical 
lithography. A distinct height increase was generated due to 
the incorporation of Na + ions and their solvation shells into the 
PPy matrix during the writing process. Afterward, the writing 
pattern can be erased completely by application of an opposite 
voltage. The changes of current intensity and surface poten-
tial indicate that PPy(DBS) underwent reduction and reoxida-
tion processes, which were interpreted as writing and erasing 
processes, respectively. However, some inerasable parts of the 
pattern were also observed at increasing lithography times 
and high writing voltages, owing to an irreversible expansion 
of PPy(DBS). After erasing, the pattern can be rewritten at the 
same location of the fi lm, which can be followed by additional 
erasing steps. Overall, the reversible volume change and resist-
ance switching effects provide a possibility for the fabrication 
of memory nanodevices based on conductive polymers. In 
addition, the fabrication of memory devices at the micrometer 
scale can be realized as well utilizing parallel electrochemical 
lithography approaches which are by the application of stamps 
instead of AFM tips. [ 26,27 ] 
 4.  Experimental Section 
 Sample Preparation : Silicon wafers (Siegert Wafer) were coated by 
thermal evaporation (QUORUM, Q150T) with a thin (60 Å) adhesion 
layer of titanium followed by a layer of gold (2000 Å). The pyrrole 
monomers (Aldrich) were distilled before use. PPy(DBS) was deposited 
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potentiostatically at 0.55 V (vs Ag/AgCl) in an aqueous solution of 0.1  M 
pyrrole and 0.1  M NaDBS (Aldrich) in a three-neck glass electrochemical 
cell (Princeton Applied Research, VersaSTAT MC). A platinum wire was 
used as a counter electrode. The deposition time was 1 min, afterward, the 
surface was rinsed in ultrapure water to remove the physically adsorbed, 
unpolymerized pyrrole and NaDBS. Scanning electric microscopy (SEM) 
was conducted with a LEO 1530 Gemini (Zeiss) utilizing a SE2 detector. 
 AFM Electrochemical Lithography : Write−erase processes were 
performed using an AFM (NT-MDT, NTegra Aura) with a close-loop 
scanner system placed in a home-built humidity control chamber. 
Lithography experiments were carried out at room temperature at a 
controlled humidity (50% rel. humidity) utilizing a Pt coated AFM tip 
(NT-MDT, NCS36 Ti-Pt). Nanopatterns were created in contact mode, 
by varying the pulse duration while keeping the contact force constant. 
During the writing (erasing) process, a negative (positive) bias voltage 
was applied to the gold layer and the AFM tip was grounded all the time. 
Afterward, the patterns were imaged in tapping mode AFM (using the 
same tip). [ 28 ] 
 Current Intensity and Scanning Kelvin Probe Measurements : Current 
measurements were conducted by AFM in contact mode and a bias 
voltage of 1 V was applied between the tip (NT-MDT, NCS36 Ti-Pt) and 
the sample. Surface potential distributions were investigated by SKPM. 
The AFM/SKPM instrument was operated in tapping mode while a 1.5 V 
peak-to-peak AC voltage (at the resonance frequency of the cantilever) 
was applied between the tip and the sample. All measurements were 
performed at a relative humidity of 30%–50%. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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 Figure 4.  Comparison of the writing and erasing processes using different operation times. The size of each image is 1 µm × 1 µm.
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Figure S1. Distance-height profiles corresponding to the topography images of the written circles at 
different writing times in Fig. 4 (a: 2 ms, b: 5 ms, c: 8 ms, d: 10 ms). 
 
 
 Figure S2. Distance-current profiles corresponding to the current images of the circles inscribed at 
different writing times in Fig. 4 (a: 2 ms, b: 5 ms, c: 8 ms, d: 10 ms). e) Plot of the differences in the 
conductivity obtained after different writing times. 
 
 
 
Figure S3. Distance-height (a, b) and distance-current (c, d) profiles corresponding to the topography 
and current images of the circles after erasing processes in Fig. 4 (a, c: 8 ms; b, d: 10 ms). 
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Site-Specific Chemical Surface Functionalization and
Electronic Patterning of Graphene by Electrooxidative
Lithography
He Liu,[a, b] Stephanie Hoeppener,*[a, b] and Ulrich S. Schubert[a, b]
1. Introduction
During the last decades, a large variety of nanomaterials have
been developed featuring superior properties, that is, high sur-
face-to-volume ratio, high catalytic activity, localized plasmon
resonances, stability at high current densities, an so on. How-
ever, the combination of nanomaterials into complex frame-
works so far remains a challenge. On the route towards a feasi-
ble nanopatterning strategy to combine different materials as
well as to combine different functionalities, lithographic strat-
egies are frequently discussed. In particular, graphene has
been explored as a potential building block for various elec-
tronic device applications, owing to its exceptionally high con-
ductivity and carrier mobility.[1–5] Similar to silicon-based mate-
rials in microelectronic processing, lithographic patterning of
graphene represents an essential step for the fabrication of
graphene devices.[6] Existing approaches of patterning gra-
phene include template transfer,[7,8] mask etching,[9,10] and
direct-write processes.[11–13] Among these approaches, direct-
write methods have gained significant attention, because they
enable resist-free structuring and avoid contamination of the
graphene with resist used in conventional e-beam and photoli-
thographic approaches. Zhou et al. developed a focused laser
beam technique to fabricate an extended area of micropat-
terned graphene oxide (GO) and reduced GO (RGO) multilayers
on quartz substrates.[11] Lemme and co-workers reported the
etching of graphene devices with a helium ion beam including
in situ electrical measurements during the lithographic pro-
cess.[14] Compared to optical and electron beam lithography,
scanning probe induced direct-write processes are cost effec-
tive and can be applied under ambient processing condi-
tions.[15] For example, Wei et al. obtained RGO patterns with
nanoscale resolution by the local thermal reduction of GO with
a heated atomic force microscope tip.[16] Up to now, studies on
direct-write methods utilizing a probe have been mainly fo-
cused on tailoring the electrical structure on the graphene sur-
face (i.e. tip-induced conversion between graphene and gra-
phene oxide). Only a few approaches report the generation of
a chemical structure on graphene films. For instance, Hirtz
et al. introduced phospholipid membranes as a route for the
noncovalent immobilization of various functional groups on
graphene by using dip-pen lithography.[17] A recent review
about scanning probe lithographic approaches to structure
graphene and graphene oxides is provided by Kulkarni et al.[18]
Herein, we report the development of a new direct-write
method utilizing electrooxidative lithography[19] of self-assem-
bled monolayers (SAMs) deposited onto graphene layers that
can simultaneously address tailoring of both the chemical and
electrical properties of graphene. These monolayers can be uti-
lized in a range of electrical devices and can manipulate the
electron transfer, either within the molecular network or by uti-
lizing the covalent siloxane bond between the molecule and
the substrate.[20–23] In the present study, n-octadecyltrichlorosi-
lane (OTS) SAMs were used to functionalize graphene oxide
and to generate a chemically active surface pattern by electro-
The combination of different properties being manipulated on
nanomaterials is one of the challenges in nanotechnology re-
search. In particular, the possibility to tailor the electronic and
chemical properties offers promising possibilities for the
design of functional nanostructures. Herein, we report an ap-
proach that permits control of these properties on the basis of
electrooxidative lithography to structure reduced graphene
oxide functionalized with a self-assembled monolayer of n-oc-
tadecyltrichlorosilane. The electrochemical oxidation process
first induces the formation of polar acid groups on the mono-
layer, which can be used to covalently bind nanoparticles and
molecules and, secondly, also allows the reoxidation of the un-
derlying reduced graphene oxide. As such, the chemical signa-
ture as well as the electronic properties of the substrate can
be tailored on the micro- and nanometer scale. Details on the
oxidation of the monolayer as well as thorough characteriza-
tion of the electronic properties will be presented. Finally, the
approach is used to demonstrate the fabrication of a sensitive
glucose sensor device.
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oxidative lithography. Electrooxidative lithography has been
used to chemically pattern self-assembled monolayers with
nanometer resolution.[24–26] Surface modification can be fol-
lowed by the assembly of functional molecules, complexes,
and particles, which also enables the targeted, sequential con-
struction of functional device features. According to this ap-
proach, we can directly obtain an addressable, chemically func-
tional pattern on the surface of graphene and, additionally,
manipulate the electronic properties of the underlying gra-
phene layers. The details of the oxidation process were ana-
lyzed by height and current atomic force microscopy (AFM)
measurements of written dot patterns fabricated at different
oxidation times. Moreover, silver nanoparticles were utilized to
confirm the chemical functionalization of the site-selectively
oxidized areas and the generated functional groups formed
during the lithographic oxidation. To demonstrate the applica-
bility of the introduced approach, a glucose sensor was fabri-
cated.
Glucose biosensors based on nanomaterials, such as carbon
nanotubes and metal nanoparticles, have recently been exten-
sively studied.[27–29] In comparison with conventional nanoma-
terials, graphene-based biosensors are advantageous because
of the possibility to obtain large detection areas, to utilize new
sensing mechanisms, and the easy functionalization.[30–32] On
the basis of the introduced electrooxidative lithography ap-
proach, a sensor device was fabricated that allowed the detec-
tion of glucose by monitoring current changes in the graphene
device. A detection limit of 0.01 mm was achieved and demon-
strated the capabilities of the site-selective manipulation of the
chemical and electronic properties of graphene by electrooxi-
dative lithography.
2. Results and Discussion
2.1. Preparation and Characterization of OTS-RGO Films
One of the aims of the present study was the functionalization
of graphene and the local fabrication of chemically active sur-
face patterns. These patterns combine unique electronic prop-
erties with chemical addressability. This combination is
a strong feature of the introduced lithographic process, which
provides interesting possibilities for nanofabrication. The out-
line of the performed functionalization sequence is illustrated
in Scheme 1.
First, an (aminopropyl)trimethoxysilane (APTMS) monolayer
was formed on a cleaned silicon wafer. This layer served as an
adhesion promotor for the self-assembly of graphene oxide
(GO) (Scheme 1a). Due to the presence of abundant polar
oxygen-containing groups, GO can be well dispersed in aque-
ous solutions and can be utilized for further modification of
the GO by chemical reaction and the self-assembly of mole-
cules.[33, 34] In particular, n-octadecyltrichlorosilane (OTS) is an
attractive molecule to be self-assembled onto GO, as OTS
forms a laterally polymerized network that can anchor to the
polar surface groups of GO [Scheme 1b, c (left)] . Stable films of
OTS can be formed that withstand, for example, subsequent
thermal treatment, which can change the electronic properties
of GO and forms reduced graphene oxide (RGO) [Scheme 1c
Scheme 1. Schematic representation of the oxidation process. a) Graphene oxide (GO) immobilized on an APTMS self-assembled monolayer. b) Self-assembly
of an OTS monolayer onto the graphene oxide flake. c) Thermal reduction of GO into reduced GO (RGO). The OTS monolayer remains structurally intact be-
cause of good lateral cross-linking of the OTS monolayer and anchorage to residual oxide groups on RGO. d) Electrooxidative lithography is performed on
the OTS monolayer by means of an electrically biased AFM tip (middle). During this process, first the top functional groups of the OTS monolayer are chemi-
cally oxidized in close vicinity of the tip and polar groups are formed (left). Simultaneously, the RGO is oxidized again in these areas.
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(right)] . These substrates can be used as suitable substrates for
electronic and chemical patterning by means of electrooxida-
tive lithography (Scheme 1d, right).
The individual functionalization steps were followed by
means of water contact angle (WCA) measurements, FTIR and
Raman spectroscopy, as well as by morphological studies con-
ducted by AFM. Whereas the cleaned silicon wafer exhibited
a typical water contact angle of <58, the water contact angle
increased to (583)8 after the APTMS assembly, which indicat-
ed the successful functionalization of the silicon surface. The
observed water contact angle slightly decreased to (454)8
after the self-assembly of GO (GO-APTMS) due to the presence
of the polar surface groups of GO. A discontinuous film of indi-
vidual GO sheets with a thickness of about 1 nm was attached
onto the APTMS-covered surface, as observed by AFM investi-
gations (Figure 1b). After the self-assembly of the OTS mono-
layer onto GO (OTS-GO), the contact angle strongly increased
to approximately (983)8. This value is much higher than that
of GO-APTMS but is still lower than that on a compact OTS
monolayer [(1103)8] ,[35] and this was mainly attributed to the
formation of only an incomplete layer of GO sheets on the sur-
face, as observed by AFM investigations (Figure 1b).
These observations were supplemented by FTIR spectrosco-
py, in particular, by the analysis of the CH2 stretching vibra-
tions. These bands are not observable for the APTMS-GO sub-
strates, as the signal intensities arising from the propyl units of
the APTMS monolayer are too weak. However, after the self-as-
sembly of the OTS monolayer, the CH2 vibrations are clearly
observable and are located at n˜=2918 and 2850 cm1 (Fig-
ure 2a). The positions of these bands indicate the formation of
a well-organized OTS monolayer on the graphene oxide
sheets. Additionally, as shown in Figure 1c, the AFM investiga-
tions confirm the formation of a smooth OTS film morphology
with a root mean square (RMS) roughness of 0.77 nm.
At this stage, the insulating electronic properties of GO were
modified by an additional reduction step [Scheme 1c (right)] .
For large-scale substrates, heating to 200 8C under a protective
N2 atmosphere for 2 h results in the reduction of GO (OTS-
RGO).[36, 37] Despite the elevated temperatures, the WCA of the
OTS-RGO did not significantly change during the reduction
step [(973)8] , which indicated that the OTS monolayer was
preserved during the thermal reduction of GO. During the re-
duction step, the polar surface groups of the GO are also sup-
posed to be reduced. As a consequence, one would expect
the monolayer to significantly degrade. However, due to the
fact that OTS forms a laterally polymerized network, a higher
film stability was obtained relative to that of other self-assem-
bly molecules (i.e. thiols), and the film was preserved even if
the number of direct anchoring points was reduced due to re-
duction of the oxygen-containing surface groups of GO. This
was further confirmed by FTIR spectroscopy analysis of the
CH2 stretching vibrations (Figure 2a), which shifted only
slightly towards higher wavenumbers. The AFM image (Fig-
ure 1d) revealed a small increase in the surface roughness
Figure 1. AFM images of a) APTMS, b) GO-APTMS, c) OTS-GO, and d) OTS-RGO. The area for the image is always 5 mm5 mm.
ChemPhysChem 2016, 17, 1 – 10 www.chemphyschem.org  2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim3 &
These are not the final page numbers! 
Articles
(RMS roughness: 1.02 nm); however, the reasonably homoge-
neous nature and low surface roughness of the films were still
preserved after the thermal annealing step. Important in this
reduction step was the fact that relatively low heat-treatment
temperatures of only 200 8C were chosen to avoid the destruc-
tion of the OTS monolayer and, moreover, to prevent the split-
ting of GO into smaller domains.[37]
Additionally, Raman investigations of OTS-GO and OTS-RGO
were performed to confirm the reduction step (Figure 2b). The
curves display two prominent bands at shifts of 1346 and
1600 cm1 corresponding to the D and G modes of graphene.
The G mode is related to vibration of the sp2-hybridized
carbon atoms, and the D mode corresponds to the sp3-hybrid-
ized carbon atoms.[36,37] Thus, the ratio of the intensities of
these bands (ID/IG) is related to the electronic structure of GO/
RGO. This ratio decreased from 1.50 to 1.16 after thermal re-
duction, and consequently, a large part of GO was reduced to
RGO. Other evidence for the reduction of GO was obtained by
sheet resistance measurements, which decreased from (9740
25) to (673)W sq1 after the heat treatment. These experi-
ments confirmed that conductive RGO layers could be ob-
tained, whereas they were still covered with a reasonably well-
ordered monolayer of OTS (Figure 2a). These substrates can be
used for the site-selective formation of chemically active, ad-
dressable functional surface groups, and additionally, the sur-
face properties of the underlying RGO can be electronically
tailored by means of electrooxidative nanolithography
(Scheme 1d).
2.2. Electrooxidative Nanolithography on OTS-RGO
Substrates
Electrooxidative lithography is a tip or conductive stamp based
approach that enables the structuring of OTS monolayers with
chemically active functional groups [Scheme 1d (I)] .This is ach-
ieved by applying a negative bias voltage to a conductive AFM
tip or a conductive stamp. Whereas the pattern resolution is in
the micrometer scale in the latter approach, a tip-mediated
electrooxidation process can yield chemical patterns with di-
mensions down to 10 nm. The pattern resolution obtained
within the tip-mediated process is governed by the oxidation
conditions (e.g. relative humidity, applied voltage, and pulse
length) as well as the tip dimensions.[38] In the course of the
electrooxidation process, the CH3 surface terminal groups of
the SAM are oxidized into polar functional groups, that is, 
COOH groups, in the area of tip contact. Only recently was this
oxidation process, so far mainly applied on slightly doped sili-
con wafers functionalized with an OTS monolayer, successfully
transferred to other conductive substrates, for example, OTS-
coated indium tin oxide (ITO).[39] This development motivated
the use of the electrooxidative patterning approach also on
OTS-GO covered substrates. Due to the high sheet resistance
of OTS-GO films, no successful functionalization could be ach-
ieved. Only if reduced GO films (OTS-RGO) were utilized chemi-
cal patterning of the substrates was possible. The oxidation
process of the self-assembled monolayers was directly observa-
ble by contact mode AFM investigations. An oxidized ring
structure fabricated by applying a bias voltage of 10 V at
a relative humidity (RH) of 50% and a pulse duration of 3 ms is
depicted in Figure 3.
The oxidation process resulted in a drastic change in the sur-
face properties of the OTS-covered substrates in the oxidized
areas. In fact, the hydrophilic properties of the COOH groups,
formed during the electrooxidation process, could be visual-
ized by means of lateral force AFM investigations (Figure 3b).
Due to preferred absorption of water vapor from ambient air,
the oxidized areas showed a pronounced increase in the lateral
friction exerted onto the AFM tip relative to that of the un-
modified, hydrophobic OTS monolayer. To further confirm the
chemical functionalization introduced by the electrooxidation
process, scanning Kelvin probe microscopy (SKPM) was uti-
lized, as the surface potential is influenced by the chemical
changes on the surface. Figure 4a shows the surface potential
map of an oxidized circle (bias voltage: 10 V, RH: 50%, pulse
duration: 2.5 ms). The surface potential increased by about
25 mV in the lithographic area (Figure 4b) with respect to the
surrounding, nonoxidized OTS monolayer. This increase is in
agreement with investigations performed on electrooxidized
OTS-Si samples, for which higher surface potential values were
also found in the oxidized areas.[36] Tapping mode AFM investi-
Figure 2. a) FTIR spectra of different samples; b) Raman spectra of OTS-GO, OTS-RGO, lithographic square areas before and after thermal reduction.
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gations, moreover, revealed a height increase of around
1.5 nm in the oxidized ring area (Figure 3a). Possible reasons
for this increase in height are the oxidation of RGO or even the
oxidation of the silicon substrate itself. To investigate this issue
in more detail, micro-Raman investigations (Figure 2b) of
a square area generated by electrooxidative lithography (bias
voltage: 10 V, RH: 50%, pulse duration: 3 ms, 8 mm8 mm)
(Figure S1, Supporting Information) were conducted, and it
was found that the characteristic ratio of the intensities of the
D and G bands (ID/IG) was 1.46, which is almost the same value
Figure 3. Height (tapping mode) and lateral force (contact mode) images for electrooxidative lithography on the OTS-RGO substrate. Lateral forces appear
with reversed contrast upon changing the scan direction. The area for the image is always 3 mm3 mm.
Figure 4. a, c) Surface potential and current images and b,d) their corresponding section analyses for electrooxidative lithography conducted on the OTS-RGO
surface.
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as that observed for GO before thermal reduction (ID/IG=1.50)
(Figure 2b). These findings strongly suggest that not only elec-
trochemical oxidation of the OTS monolayer occurred but that,
additionally, oxidation of RGO took place. This process is rever-
sible, and the substrate can be thermally reduced again with
the same method as mentioned above. The reduction was,
moreover, confirmed by micro-Raman investigations. As shown
in Figure 2b, the ID/IG ratio decreased to 1.19, which is close to
that of OTS-RGO before lithographic oxidation (ID/IG=1.16)
(Figure 2b).
The conversion of RGO into GO by reoxidation also had
a strong influence on the electronic properties of the sub-
strate. A powerful means to investigate this aspect is the possi-
bility to measure current maps by means of contact mode
AFM imaging with an applied voltage between the conductive
tip and the sample. Figure 4c illustrates a current mapping of
the oxidized ring structure. The detectable current decreased
in the oxidized areas, which indicated reoxidation of RGO in
the electrooxidized areas. However, to exclude the possibility
that the drop in conductivity could also be related to the
growth of silicon oxide at the monolayer–Si interface, detailed
investigations of the oxidation process were performed by fab-
ricating a set of dot patterns with different oxidation times
(bias voltage: 10 V, RH: 50 to 55%) by utilizing the same tip
for oxidation and analysis of all structures to make sure that
the tip parameters were not influencing the results. These ex-
periments were conducted on bare silicon wafers, RGO assem-
bled on an APTMS-modified silicon wafer, and finally on the
OTS-RGO substrates for comparison (Figure 5). The changes in
the height and conductivity were analyzed for the individual
structures (Figures S2–S7). Figure 5a summarizes the respective
height increases observed during the oxidation process. For
the reference measurements on silicon, a self-limiting growth
of the oxide patterns was observed.[40] In the cases of RGO-
APTMS and OTS-RGO, different oxidation profiles were ob-
tained. At short oxidation times between 0 and 1.4 ms, a rela-
tively slow height increase was observed until a structure
height of approximately 0.5 nm was reached. After that, the
height increase accelerated until a structure height of 2.5 nm
was obtained. After 8 ms, the height increase stopped at
a structure height of 3 nm. No significant differences could be
observed between RGO and the OTS-RGO-modified samples.
Thus, clearly, the oxidation of the OTS monolayer did not sig-
nificantly contribute to the observed height increases. We sug-
gest that in the first stage the height increase was mainly in-
duced by the conversion of graphene into graphene oxide and
then the oxidation of Si occurred during the second and third
stages. This conclusion is consistent with the reports of
Chuang and co-workers.[41] Moreover, for the first stage of OTS-
RGO oxidation, the value of the height increase (0.5 nm) is
consistent with the height increase expected from graphene
to graphene oxide.[42]
Additionally, the current decrease on the oxidized dot pat-
terns was analyzed (Figure 5b). Gradually decreasing current
differences between the oxidized structures and the surround-
ing, unmodified substrates were observed for all curves. Also,
it was found that the influence of the monolayer was small. Ef-
fectively, the final difference between OTS-RGO and the bare
silicon characteristics (4 pA) reflects the changes in the con-
ductivity of RGO.
Whereas the influence of the OTS monolayers on the elec-
tronic properties of RGO was found to be negligible, the elec-
trooxidative lithography process of the surface terminal groups
adds an additional feature that enables the site-selective func-
tionalization of RGO in the oxidized areas. Due to the fact that
polar functional groups, that is, COOH groups, are generated
by the oxidation of the monolayer, these areas can be utilized
to selectively bind Au ions onto the carboxyl groups, which
can be reduced subsequently by H2O2. These nanoparticles can
be further enlarged by an electroless silver-plating method to
obtain larger nanoparticles, which can be easily detected by
means of tapping mode AFM imaging (Figure S8a). The Ag
nanoparticles exhibited remarkable stability, as they were
stable even against adhesion tape, which was used to clean
the substrate from contaminants derived from the wet-chemi-
cal metalization procedure. This stability, moreover, enabled
subsequent reduction of GO in the electrooxidatively modified
areas by thermal treatment. After the formation of the Ag
nanoparticles, the substrate was thermally reduced again by
using the same method of thermal reduction. It was clearly ob-
Figure 5. Analysis of the a) height increase (DH) and b) current decrease (DI) of dot patterns fabricated by means of electrooxidation lithography at different
oxidation times.
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served that the particles remained on the oxidized structure
during the thermal reduction process (Figure S8b). These ex-
periments highlight the versatile possibilities to combine tip-
based lithography with OTS monolayer functionalized GO and
offers attractive possibilities to combine the chemical and elec-
tronic features of the oxidation process to create functional
nanostructures.
2.3. Glucose Detection on the Basis of Electrooxidative
Lithography
Next to the site-selective assembly of nanoparticles, functional
molecules can also be covalently assembled onto oxidized
structures. Graphene offers promising prospects for the fabri-
cation of biosensors due to its unique properties, such as its
fast electron transport, its large detecting area, and the diversi-
ty of its possible functionalizations. Here, we demonstrate the
fabrication of a glucose sensor on the basis of an OTS-RGO mi-
cropattern. The micropattern was prepared by using the
method that was reported in previous work, and we trans-
ferred the approach of electrooxidative lithography to the mi-
crometer scale by utilizing a conductive stamp instead of a con-
ducting AFM tip.[43] After applying a suitable electrical bias volt-
age between a transmission electron microscopy (TEM) copper
grid with a diameter of 3.05 mm and the OTS-RGO, the CH3
groups of OTS were converted into COOH groups, which oc-
curred in a manner similar to electrooxidative lithography
based on an AFM tip. Figure 6a shows an optical micrograph
of water vapor condensation on the micropattern of the oxi-
dized structure. After thermal reduction, this micropattern fa-
cilitated withCOOH groups was used to bind glucose oxidase
(GOD) through amide bonding after activation with N-hydroxy-
succinimide (NHS)/1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide hydrochloride (EDC). As shown in Figure 6b, c, the en-
zymes were selectively immobilized on the lithographic stripe
areas with good coverage. GOD catalyzes the oxidation of glu-
cose in the following reaction [Eq. (1)]:
d-glucoseþ O2 þ H2O! d-gluconic acidþ H2O2 ðR1Þ
The reaction product H2O2 can increase the conductance of
graphene. This current increase is not caused by the direct
transfer of electrons, but the reaction product H2O2 plays an
essential role and is responsible for a small p-doping effect.[31]
Only a minute amount of H2O2 will cause a detectable en-
hancement in the current, because of the small size of the
device at the micrometer scale. Consequently, a very low de-
tection limit of glucose can be achieved. Figure 6d illustrates
the current values corresponding to different concentrations of
glucose. At low glucose concentrations, the current shows an
almost linear increase with concentration. The percentage in-
crease in the current value in response to 0.01 mm glucose
was about 14%. Afterwards, the current growth slowed down
when the concentration was higher than 0.1 mm due to a limit-
Figure 6. a) An optical micrograph of water condensation grid patterns on OTS-RGO, b, c) AFM images of GOD on the oxidized areas, and d) current responses
of glucose at different concentrations.
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ed number of active sites of GOD on the pattern. The final sa-
turated detection concentration was 1 mm. In a control experi-
ment (Figure 6d) on an unmodified stripe micropattern, the
current did not scale with an increase in the concentration of
glucose, which proved that the oxidation caused by GOD
played a key role in this sensing process.
3. Conclusions
In conclusion, we demonstrated a direct-write method by elec-
trooxidative lithography of self-assembled OTS monolayers de-
posited onto graphene layers. This approach permitted tailor-
ing of the chemical and electronic properties of the substrates
in a versatile fashion and opened up new possibilities for the
fabrication of complex devices, potentially also including differ-
ent nanomaterials with specialized functionalities.
We investigated the characteristics of the electrochemical
oxidation steps and elucidated the mechanism of the oxidation
and reoxidation reactions by means of scanning Kelvin probe
microscopy and current measurements and by (micro)spectro-
scopic methods.
Finally, the utilization of the created patterns for the site-se-
lective assembly of nanoparticles and functional glucose ox-
idase molecules was demonstrated, and the latter resulted in
the fabrication of a sensitive glucose sensor system.
Experimental Section
Materials
Toluene, n-octadecyltrichlorosilane (OTS), (3-aminopropyl)trime-
thoxysilane (APTMS), biscyclohexane (BCH), glucose oxidase (GOD),
and N-hydroxysuccinimide (NHS) were obtained from Aldrich. 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
and d-glucose were obtained from Alfa Aesar and Carl Roth, re-
spectively. Dry BCH was obtained by distillation over sodium and
was used for the self-assembly reactions of OTS. All other reagents
were used without further purification. Double-sided polished p-
type silicon wafers (100) were purchased from Siegert Wafer (resis-
tivity: 10 to 20 Wcm). The Si substrates were cleaned by Ar plasma
(2 min) before use.
Fabrication of Multilayer Films
GO was synthesized from natural graphite powder by a modified
Hummer’s protocol.[44] Self-assembled monolayers of OTS on the
surface of graphene were prepared by utilizing the following pro-
cedure:[37,45] First, a Si wafer was immersed in an APTMS saturated
vapor for 30 min. Subsequently, the wafer was taken out and soni-
cated in ultrapure water, which was followed by thermal annealing
in air for 2 h. Afterwards, the APTMS-modified Si substrate was
kept in the prepared GO aqueous solution (1 mgmL1) for 12 h
and was then ultrasonically cleaned in ultrapure water and blown
dry with N2. GO sheets were grafted onto the surface by electro-
static interactions, and the obtained sample was defined as GO-
APTMS. Afterwards, GO-APTMS was incubated in a solution of OTS
(10 mL) in BCH (2 mL) for 1 min and was subsequently cleaned by
sonication in toluene and drying in N2 to remove nonspecifically
adsorbed OTS molecules. The as-prepared sample was defined as
OTS-GO. At last, OTS-GO was thermally reduced at 200 8C for 2 h
under an N2 atmosphere. The obtained sample was defined as
OTS-RGO. For comparison, the reduced GO substrate without OTS
modification was also prepared (RGO-APTMS) under the same ther-
mal reduction conditions. The water contact angles (WCA) on dif-
ferent substrates were tested by a Krss DSA10 contact angle goni-
ometer. The monolayers were analyzed by atomic force microscopy
(AFM, NT-MDT, NTegra Aura) by using tapping mode tips (NT-MDT,
NCS35/AIBS) and by Fourier-transform infrared spectroscopy in
transmission mode (FTIR, Bruker Hyperion spectrometer). The resis-
tances of the samples were obtained by LUCAS LABS PRO4-6400.
Raman spectra (Lab RAMHR800, Horiba, Hobin Yvon, France,
532 nm laser excitation) were employed to characterize the micro-
structure of the samples. All tests were analyzed in triplicate.
Electrooxidative Lithography
Electrooxidation lithography was performed in contact mode by
utilizing a Pt-coated AFM tip (NT-MDT Ti-Pt) by operating the mi-
croscope (NT-MDT, NTegra Aura) in a home-built chamber that per-
mitted control of the relative humidity. Experiments were per-
formed at room temperature. Oxidation parameters were varied by
adjusting the bias voltage, pulse duration, and relative humidity in
the chamber. All measurements were performed at a constant
force to exclude influences arising from this parameter. The microli-
thography was achieved by a TEM grid, which was cut partially on
the edges (Agar Grids 300 Parallel Bar, Copper, 3.05 mm). Oxidation
was performed at an applied voltage of 30 V for a few seconds.
Scanning Kelvin Probe and Current Images Measurements
The surface potential was assessed by means of scanning Kelvin
probe microscopy (SKPM) performed with a Pt-coated AFM tip (NT-
MDT, NCS36 Ti-Pt). The microscope was therefore operated in
SKPM mode. In a first scan, the topography of the sample was de-
termined by tapping mode investigation. The same scan line was
than scanned again in lift mode with an additional 3 V peak-to-
peak AC voltage at the resonance frequency of the cantilever ap-
plied between the tip and the sample. In the case of current image
measurements, the instrument was operated in contact mode and
a bias voltage of 3.5 V was used between the tip and the substrate.
All measurements were performed at ambient humidity (30 to
40% RH).
Selective Nanoparticles Growth
In a first step, the substrates bearing the electrooxidized patterns
were incubated in an aqueous solution of gold(III) chloride trihy-
drate (10 min). The samples were subsequently rinsed with deion-
ized water and dried in a stream of N2. The reduction of the bound
Au ions was performed by applying H2O2 vapor in a closed vial for
2 h. After the reduction process, only small particles were found in
the patterned areas. Their size was enlarged by applying a commer-
cial Ag enhancer solution used, for example, in electron microsco-
py (Sigma–Aldrich). During this wet-chemical process, contamina-
tion with precipitating precursors might have occurred. Scotch
tape (3M) was attached to the substrates and was finally removed.
This process resulted in efficient removal of nonspecifically at-
tached particles.
After preparing the Ag nanoparticles on the oxidized pattern, the
substrate was thermally reduced again at 200 8C for 2 h under a N2
atmosphere.
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Detection of Glucose
The substrate patterned by a TEM grid was first thermally reduced
under the same conditions as those stated before. Afterwards, the
substrate was incubated in EDC (10 mgmL1) and NHS (1 mgmL1)
mixed solution for 1 h. The NHS-functionalized graphene was then
immersed into 2 mgmL1 glucose oxidase (GOD) in Na2CO3/
NaHCO3 buffer solution (pH 9.0) overnight at 4 8C followed by rins-
ing with deionized water and phosphate-buffered saline solution
(PBS). Silver conducting paint was used to prepare electrodes on
both sides of the pattern array. Then, nail polish was utilized to in-
sulate the electrodes and to define a chamber for glucose in PBS
solution (Figure S9). All electrical measurements were performed
by using a source meter (Keithley 2400). Each sample was tested
three times. After each test, the chamber was washed with plenty
of PBS solution. As a reference, a patterned substrate without func-
tionalization of GOD was used for the detection of glucose.
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Abstract 
Surface functionalization of oxides plays a fundamental role in nanotechnology, from 
microelectronics to photovoltaics. Local oxidation by scanning probe is a powerful tool to 
  
fabricate chemical patterns at the nanometer scale, enabling the hierarchical assembly of 
complex structures. Notwithstanding the paramount interest in the tailored functionalization 
of various kinds of oxide materials, most of the literature about probe-based electrooxidation 
lithography has so far focused on Si wafer substrates. The potential of titanium dioxide (TiO2) 
and surface-passivated aluminum (Al/AlOx) to serve as substrates for electrooxidative 
nanolithography is here demonstrated. The results obtained on TiO2 and Al/AlOx are 
compared with reference commercial substrates, such as surface-passivated silicon (Si/SiOx) 
and indium tin oxide (ITO). The conditions for the functionalization of the different substrate 
materials with n-octadecyltrichlorosilane (OTS) monolayers are reported. Next to the 
structural study of the formed monolayers by contact angle goniometry, Fourier Transform 
Infrared (FTIR) spectroscopy and Scanning Force Microscopy (SFM), the different oxidation 
processes on bare and OTS-functionalized substrates were studied by lateral force imaging 
and scanning Kelvin probe microscopy. Chemical activation was also confirmed by  
metallization processes.  
 
Keywords 
Titanium dioxide; aluminium oxide; patterning; surface functionalization; alkylsilane; self-
assembly 
 
  
Introduction 
The functionalization of silicon and glass by self-assembled monolayers (SAMs) consisting of 
silane molecules is frequently used as a fabrication step in nanotechnology and surface 
chemistry [1]. In general this class of molecules can serve as a versatile precursor to introduce 
surface functionality, to modify the surface energy and wetting properties, to induce 
bioaffinity and adhesion or to promote the formation of protective layers, etc.. Compared to 
thiolated precursors, which represent the other class of frequently utilized precursors that can 
self-assemble onto gold or silver substrates, silane molecules can be used to functionalize 
hydroxylated surfaces, i.e., glass, silicon and metal oxides. However, the self-assembly 
process is in general more difficult to control for silanes compared to their thiolated 
counterparts. While the self-assembly of silanes onto silicon/silicon oxide (Si/SiOx) and glass 
substrates is well documented in the literature, the number of contributions focusing on the 
functionalization of other substrates is comparably small – even though during the last years 
the interest in functionalizing oxide materials is strongly increasing because of their 
tremendous technological relevance [2-7], both for the functionalization of large surface areas 
as well as for the utilization of SAMs for micro- and nanolithography [7-9].
 
Octadecyltrichlorosilane (OTS) functionalized substrates can serve as a base monolayer for a 
variety of patterning approaches in particular for electrooxidative lithography. 
Electrooxidative nano- and microlithography have been developed during the last years into a 
powerful tool for the structuring of SAMs consisting of OTS. Different concepts have been 
developed to fabricate a large diversity of nanostructures [10]. However, only recently we 
succeeded to expand the methodology to other substrates than Si/SiOx. We could demonstrate 
that ITO can also serve as a substrate for the electrooxidation process [11], while very 
recently we demonstrated the reversible nanopatterning of polypyrrole films [12]. Based on 
these developments, we screened other potentially interesting substrate materials with the aim 
of applying electrooxidation to obtain chemically active surface patterns on two additional 
technologically important substrates. Since the chemistry of the self-assembly of OTS 
monolayers requires hydroxylated substrates, in particular the modification of titanium 
dioxide (TiO2) and surface-passivated aluminum (Al/AlOx) substrates was targeted.  
TiO2 represents an interesting substrate material which is, e.g., utilized in new generation 
solar cell layouts. Morris et al. introduced alkylsilane-TiO2 hybrid films as active layers in 
dye sensitized solar cells to decrease dark currents and to increase the open circuit 
photovoltage [13]. The authors ascribed the higher efficiencies of these solar cells to the 
covalent bonds formed between the chromophores and the titania network, which can enhance 
  
the electron transfer within the network as well as between the network and the conducting 
substrate. This effect prevents recombination processes and improves the overall efficiency of 
light electricity conversion [13-14]. Zamborini et al. reported the use of aminosilane linkers to 
covalently attach dyes to the TiO2 photoanodes in dye-sensitized solar cells, resulting in an 
increased stability toward water, heat, and UV light compared to traditionally prepared 
photoanodes [15]. Very recently, silane functionalized TiO2 was reported to increase the 
performance of perovskite solar cells by tuning the interface electronic structure and 
passivating the recombination process [16]. 
Additionally, TiO2 shows attractive photocatalytic properties which can be used in self-
cleaning surfaces, air and water purification and photoelectrochemical conversion. A 
patterning method called photocatalytic lithography utilizes the photocatalytic activity of TiO2 
under UV irradiation for the site-selective degradation of a alkylsilane monolayer [17]. In this 
way patterned surfaces can be created with localized superhydrophobic/superhydrophilic 
features, which can be used for water collection from the gas phase, liquid transportation and 
separation, off-set printing and smart microfluidic devices [18, 19]. Despite the great 
applicative interest, SAMs on TiO2 have been by far less extensively studied than the 
modification possibilities on silicon [20]. 
Also aluminum is regarded as a technologically important substrate widely exploited in 
electrode applications, in OLED devices and others. Very recently, the application of 
patterned Al films in nanophotonic devices and biosensors has been proposed due to their 
plasmonic properties [21,22]. Aluminum surfaces under atmospheric conditions are covered 
by a thin pseudo-boehmite native layer (in the following called AlOx), that consists of two 
main phases: γ-Al2O3 and γ-Al(O)OH [23]. In recent years, molecular coatings based on 
silanes, thanks to their ability to form durable bonds with the passive oxide layer, have been 
investigated as alternative to chromium-based protective coatings for aluminum substrates 
[24-25].  
In this work, we conducted a comparative study which highlights the differences in the 
preparation of OTS SAMs onto four highly different substrates (Si/SiOx, ITO, TiO2, Al/AlOx) 
and their utilization in electrooxidation lithography. The functionalization and 
electrooxidation lithography of Si/SiOx and ITO substrates, which have been previously 
reported in detail [11], will serve as a reference for the comparison in this contribution. 
 
Methods 
Reagents were purchased from different suppliers. Bicyclohexyl (BCH) was distilled over 
sodium before use, while all other reagents were used without further purification.  
Double side polished p-doped silicon wafers with a resistivity of 1 to 10 Ωcm (according to 
the data sheet) were purchased from University Wafer. ITO layers on float glass supports 
were obtained from PGO (surface resistivity: 80 Ω/sq) and from Sigma-Aldrich (surface 
resistivity: 15-25 and 70-100 Ω/sq).   
TiO2 films were prepared starting from a titania stable and homogeneous sol, synthesized 
according to the following procedure. N-Butanol (5.3 mL) and acetylacetone (0.4 mL) were 
mixed in a test tube. Then, 4.2 mL titanium(IV) butoxide was added to the solution, which 
was subsequently stirred for 30 min at room temperature. Glacial acetic acid (0.3 mL) was 
added dropwise to the solution under stirring. The resulting sol (yellowish and transparent) 
was stable for several weeks. The titania films were deposited by spin coating the obtained sol 
on ITO layers (2000 rpm, 20 s). The resulting films were immediately calcined at 400 °C 
under O2 flux (1 L h
-1
) for 1.5 h. 
Thick Al films (>100 nm) were thermally evaporated onto freshly cleaved mica substrates 
(Plano). The films were carefully removed and the interface site between the Al film and the 
mica substrate was used for the self-assembly of OTS. To improve the stability, the Al films 
were backed with a silicon support. 
Prior to the self-assembly all samples were cleaned by oxygen plasma (Diener Electronics) 
until a complete wetting by water was achieved (2 min for the silicon wafer, ITO and Al/AlOx, 
15 min for TiO2). Dry BCH was used as a solvent for the n-OTS (1 mL dry BCH, 5 µL OTS). 
The samples were immersed into the solution until dewetting of the substrate was observed 
when pulling out the substrates from the self-assembly solution. Samples were blow dried in a 
stream of N2 and subsequently sonicated in toluene for 30 s. Samples were carefully dried 
again in a stream of N2.  
Contact angle measurements were performed on a CA10 goniometer (Data Physics 
Instruments). Fourier transform infrared (FTIR) investigations were performed in reflectance 
mode utilizing a Bruker Hyperion FTIR microscope. Scanning force microscopy (SFM) and 
Scanning Kelvin Probe Microscopy (SKPM) investigations were conducted on a NTegra Aura 
system (NT-MDT). Commercially available SFM tips from µMash were used (NSC35 for 
tapping mode investigations, Pt or Pt-Ti coated NSC36 for electrooxidation and surface 
potential measurements). For SKPM measurements, a scan frequency of  1.0 Hz and a 2.5 V 
peak-to-peak AC voltage at the resonance frequency of the cantilever between the probe tip 
and the sample were applied. Measurements were carried out at ambient humidity (relative 
  
humidity, RH: 30-50%). Electrooxidation was performed in contact mode utilizing the vector 
(Si/SiOx, ITO, Al/AlOx) or spectroscopy mode (for TiO2 showing the most demanding 
oxidation times) of the SFM software. The humidity was controlled by means of a humidifier. 
Pulse voltages, pulse duration and RH values are listed in figures. 
The site-selective growth of noble metal nanoparticles was carried out by immersing the 
patterned substrate in an aqueous Ag(II) acetate solution. The substrate was then rinsed with 
deionized water, dried in a N2 stream and treated with hydrazine or hydrogen peroxide in the 
vapor phase. Finally, the substrate was treated with a commercial Ag enhancer solution 
(Aldrich). 
 
Results and discussion 
Essential for the comparability of the electrooxidation process is the availability of smooth 
substrates. The characterization of the formed nanostructures is restricted mainly to probe 
based analysis techniques, as spectroscopic techniques frequently provide neither the lateral 
resolution nor the required sensitivity. In this study, lateral force imaging and Scanning 
Kelvin Probe Microscopy (SKPM) were used as a powerful investigation tool; smooth 
substrates were thus required as lateral force and SKPM signals might be convoluted by 
topographical features on rough substrates. While Si wafers and ITO (23 nm-thick layer on 
float glass) (Figure 1a) substrates are commercially available in a sufficient quality, TiO2 and 
Al/AlOx had to be custom-made. Simple preparation procedures, requiring widely available 
laboratory equipment, were selected. TiO2 layers were prepared on either glass or commercial 
ITO substrates by calcination of thin, spin coated films obtained from a stable titania sol. 
SFM thickness investigations on partially removed films revealed a TiO2 thickness of 170 nm. 
The film structure of the TiO2 layers shows a homogeneous surface with a sufficiently small 
surface roughness (Figure 1b). 
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Figure 1:   Tapping mode SFM images of the respective surfaces. a) ITO on float glass, b) 
TiO2 on smooth ITO layer and c) Inverted Al/AlOx layers after oxidation at ambient 
conditions. 
 
Smooth Al/AlOx samples were prepared by the following procedure: A several hundred 
nanometers thick film of Al was thermally evaporated onto a freshly cleaved mica substrate. 
The film was afterwards removed from the mica and a surface featuring micrometer large and 
smooth Al domains was obtained (Figure 1c) at the interface previously facing the mica 
substrate. The formation of a native oxide layer was achieved by exposure to air and by O2 
plasma treatment [26]. Literature studies report oxide layers on Al surfaces of thicknesses in 
the range of 3-5 nm [27, 28], quite comparable with the thickness of the native layer on Si 
wafers. To enable convenient handling of the rather flexible films, a silicon support was used 
to stabilize them.  
OTS monolayer films could be obtained for all substrates by dip coating in an OTS-BCH 
solution. Adaptations of the self-assembly procedure had to be made on the different 
substrates in particular concerning the immersion time, which is rather different for the 
individual substrate materials. The typical required immersion times are listed in Figure 2, 
together with the characteristic properties of the obtained monolayers. 
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Figure 2:   Summary of the parameters and characteristic properties OTS monolayers 
prepared on different substrates. FTIR spectra of the samples can be found in the 
Supplementary data (Figure S1). 
 
The rate of functionalization of the substrates is rather different. Si/SiOx shows the fastest 
functionalization characteristics, whereas ITO, Al/AlOx and TiO2 require long assembly times 
to obtain a reasonable OTS functionalization. In general, the water content of the utilized 
BCH solutions is very critical for all substrates [29] and this parameter is more crucial for the 
substrates requiring long immersion times.  
Based on water contact angle measurements alone the quality of the monolayers is hardly 
accessible, as, e.g., the surface roughness has a considerable influence. Hence, the layers were 
additionally evaluated by means of FTIR and SFM investigations (Figure 2).  
Al/AlOx shows the best monolayer formation as reflected in the peak position of the CH 
stretching vibrations [30], indicating the formation of a densely packed OTS monolayer. The 
peak position of the CH stretching vibrations in OTS-functionalized TiO2 and ITO are instead 
at higher wavenumbers, suggesting a noticeable difference in the grafting density of the SAM. 
0 3 nm 0 4 nm
1 μm
0 8 nm 0 40 nm
In the case of ITO, this conclusion is also supported by the observation of dendritic structures 
in the SFM phase images (Figure S2) that previous studies attributed to areas of more 
compact monolayer surrounded by areas where the silane molecules are less ordered and 
compactly arranged [11].  
Several aspects may influence on one side the rate of reactivity and on the other side the 
compactness of the monolayer, including the polarity of the M–O bond, the point of zero 
charge of the oxide, and the density of surface hydroxyls. For instance, Kim et al. observed a 
lower density of adsorption of a alkylsilane-mediated protein onto TiO2 with respect to SiO2 
and attributed it to the difference in ionic character between the two oxides [31]. Matching 
results were obtained in our laboratory comparing the alkylsilane adsorbed amounts on 
functionalized TiO2 and SiO2 nanoparticles of comparable surface area by solid state NMR 
[32]. Consistently, literature data referring to both nanoparticles and film surfaces indicate a 
systematic larger density of surface hydroxyl groups in AlOx with respect to SiOx [27]. AlOx 
surfaces are known at the same time to be populated by several kinds of –OH groups arising 
from different terminations [33, 34], while in the case of SiO2, silanol bonds (Si–OH) are 
predominant. In the case of TiO2 instead chemisorbed water is the prevailing source of 
hydroxyl groups [32].  
The fabricated OTS functionalized oxide layers can serve as substrates for electrooxidation 
nanolithography. OTS-functionalized Si/SiOx, ITO, TiO2 and Al/AlOx substrates were 
investigated regarding their ability to be structured by means of probe-based electrooxidative 
lithography. Negative tip bias voltage pulses were applied in the vector lithography or the 
spectroscopy mode of the SFM facility. These voltage pulses initiate an electrochemical 
oxidation process of the SAM and generate polar functional groups by converting the surface 
exposed –CH3 groups of the SAM [10]. Detailed studies have up to now only be reported on 
OTS monolayers on Si/SiOx and ITO [10, 11, 35]. Therefore, a comparative study was 
performed to investigate and correlate the oxidation process also on the other substrates to 
elucidate important differences in the oxidation characteristics.  
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Figure 3:   Comparison of the electrooxidation process on different OTS modified substrates. 
 
The required oxidation conditions to obtain surface patterns on the different OTS 
functionalized substrates are summarized in Figure 3. The reported voltage and relative 
humidity conditions indicate the lowest values required for the oxidation to proceed. A range 
of oxidation times is reported for each substrate. Such a range of oxidation conditions define a 
plateau region where the oxidation results (line-width, current injection, etc.) stay more or less 
constant, as previously reported in the literature for OTS-Si systems [35]. For all samples 
0 2 nm
500 nm
0 10 nm
500 nm
0 4 nm
500 nm
0 8 nm
500 nm
0 130 pA
500 nm
0 250 pA
500 nm
0 140 pA
500 nm
0 50 pA
0 0.1 V
500 nm
0 0.06 V 
500 nm
0 0.1 V 0 0.14 V
except TiO2, the electrooxidations were carried out in vector mode, i.e. by rastering the tip 
across the substrate in a pre-determined geometry to obtain a specific shape (several kinds of 
geometries are reported as an example).  
Figure 3 clearly shows that the different OTS-functionalized surfaces require also different 
oxidation conditions. In particular the oxidation time and required oxidation voltages show 
strong variations. While oxidation times for Si/SiOx substrates are very short (5-10 ms), ITO 
and Al/AlOx request longer oxidation times (10-60 ms). The most demanding substrate in this 
respect was TiO2 which requires oxidation times as long as 90 ms to obtain the 
electrooxidized features. In particular the long oxidation times made it impossible to use the 
vector mode of the SFM software to carry out the lithography on TiO2. For this substrate, 
results could be obtained exclusively in the spectroscopy mode, which has the main limitation 
of producing only arrays of dots instead of complex patterns.  
Similar to the case of ITO, which requires the insertion of a silicon spacer into the setup, also 
for Al/AlOx a Si spacer, acting as a resistor in series with the tip/sample [11], was inserted to 
tune the electron injection. On the other hand, oxidations on Si/SiOx as well as on TiO2, were 
performed without additional resistors.  
It is well known that the relative humidity plays a relevant role in the electrooxidation process 
[10]. In the case of ITO, lithography could be successfully carried out by limiting the electron 
exchange and by working at high relative humidity conditions. The situation is different for 
OTS-TiO2 and OTS-Al/AlOx samples, where the relative humidity represents a less crucial 
parameter, as electrooxidative lithography could be carried out at relative mild air humidity 
conditions (45-55%). In the case of TiO2, demanding oxidation conditions were required even 
at higher humidity contents. The latter observation is in agreement with previous studies 
reporting that humidity mainly influences the reliability of the oxidation process and the line-
thickness of the oxidized features [36]. Long oxidation times and high humidity requirements 
have also an influence on the obtainable lateral resolution of the inscribed patterns. In general 
the line width of oxidized features depends on the size of the formed water meniscus [37]. 
Longer oxidation times result in a gradual spreading of the water meniscus’ contact line 
which enlarges the area of oxidation. High humidity conditions feature the same effect. As 
such the obtained line width is best in case of OTS monolayers self-assembed on Si/SiOx 
substrates and is largest for TiO2 which in particular requires a long oxidation time. 
The nature of the formed structures can be efficiently investigated by the Scanning Kelvin 
Probe Microscopy (SKPM) mode of SFM, which provides access to the local surface 
potential of the formed patterns. The detected differences in the surface potential are directly 
  
related to the chemical nature of the formed groups. For all substrates, a significant positive 
surface potential difference was detected between patterned and un-modified areas, strongly 
suggesting a comparable functionalization of the patterned areas. The overall values are only 
slightly different and range between +60 to +80 mV, only for Al/AlOx a smaller surface 
potential change of +40 mV was observed.  
In order to ensure that the formed structures are unambiguously related to the 
functionalization of the OTS monolayer and are not a result of a degradation process of the 
monolayer and/or an associated phase transition related phenomena of the underlying 
substrates, oxidations were also performed on the bare substrates. For Si/SiOx layers the well-
known anodization reactions were observed [38, 39], which result in the formation of elevated 
structures consisting of silicon oxide as observed by tapping mode SFM (Figure S3). 
Consequently, in this case no obvious differences in the surface potential could be observed, 
as reported previously [11], because the substrate as well as the anodized features consist of 
the same material. Similar results were obtained for bare Al/AlOx (Figure S4) as well as for 
ITO (Figure S3). While for Al/AlOx the observed increase in height can be attributed to 
anodization reactions similar to the case of SiOx, in the case of ITO the attribution is less 
straightforward. Previous studies suggested the occurrence of over-oxidation of the oxide, 
resulting in crystal growth or phase change [11], although the nanometric scale of the features 
made it impossible to probe the oxidized features with conventional techniques such as XPS. 
The situation is different for TiO2. On this substrate no elevated topographical structures 
could be observed in tapping mode SFM after the oxidation experiments (Figure S4). This 
can be explained considering that the TiO2 substrate is a bulk oxide phase formed by a sol-gel 
process, whereas the other substrates are just covered by a thin native oxide layer. Surface 
potential images do not present marked differences between oxidized structures and 
unpatterned areas (Figure S4), in agreement with previous reports about unfunctionalized Si 
and ITO [11]. 
As a final indirect proof for the functionalization of the OTS monolayer during the 
electrooxidation process, the growth of noble metal nanoparticles on the structures was tested 
using a procedure previously reported for patterned OTS-Si surfaces [11]. The chemical 
activation of the SAM by electrooxidation lithography generates surface functional groups on 
the monolayers which can be efficiently loaded with metal ions (e.g., silver ions) from 
aqueous solutions. Subsequent reduction of the metal ions by hydrazine or hydrogen peroxide 
vapor resulted in the template guided formation of silver nanoparticles which can 
subsequently be enhanced by a deposition process from a commercial silver enhancer solution 
[35]. Figure 4 depicts the results of this metal deposition on ITO, TiO2 and Al/AlOx 
substrates demonstrating indirectly the presence of functional groups. 
 
Figure 4:   Tapping mode height images of the metallization of the patterned areas after in-
situ formation of noble metal nanoparticles on a) Al/AlOx and b) TiO2 and c) ITO. 
 
Conclusions 
We demonstrate the ability of a number of technologically important substrates to form high 
quality OTS monolayers. Next to the well-established functionalization of Si/SiOx substrates, 
the experimental conditions for the reliable formation of OTS monolayers on ITO, TiO2 and 
Al/AlOx substrates are reported. Interestingly, despite of the relevant differences concerning 
both the surface properties, good quality OTS monolayers were obtained for all substrates by 
a careful adaptation of the deposition parameters. These monolayers could be furthermore 
structured by means of electrooxidative nanolithography to create chemically active 
nanometric surface patterns. Significant differences in the oxidation parameters required for 
OTS structuring were found, depending on film thickness and conductivity of the tested 
oxides. Nevertheless, all substrates were suitable to form functional groups, which were used 
to site-selectively generate metal nanostructures on the oxidized areas. Additionally, surface 
potential measurements were employed to further investigate the chemical nature of the 
oxidized areas, revealing a similarity of the oxidation processes occurring on the OTS-
functionalized individual substrates. In contrast to Si/SiOx, ITO and Al/AlOx, no anodization 
reaction of the underlying TiO2 was observed.  
The obtained results bear significance in a number of research areas where the formation of 
layers showing uniform properties, such as adhesion or corrosion, is desired irrespectively of 
the support features, as in the case of multi-component metal alloys. 
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Figure S1: FT-IR spectra of OTS monolayers self-assembled on different substrates. 
 
 
 
 
 
 
 
 
Figure S2: Dendritic island structure formed within the OTS films on ITO. a) Tapping mode 
height image of the surface. b) Corresponding phase image which reveals the presence of 
islands.   
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Figure S3: Height images measured in tapping mode of a) bare Si and b) bare ITO.  
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Figure S4: Comparison of the lateral force and surface potential images relative to 
electrooxidation process on TiO2 and AlOx. Results for OTS/Si and OTS/ITO can be found in 
[1]. 
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